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Summary 
The conductivity data available from the literature for 
symmetrical (alkali metal chlorides) and unsymmetrical (alkaline 
earth and transition metal halides) salts in methanol are 
imprecise, and incomplete in that they cover only a small range 
of concentration. Therefore we have measured the conductivities 
of these salts in methanol at 25 0 C over a wide range of concen-
tration and analysed the results by using the Lee-Wheaton (LW) 
equation which is based on a new model involving finite sizes 
for the ions; this equation is suitable for symmetrical, unsym-
metrical and mixed electrolytes, both associated and unassociated, 
for any number of ions of any valency type. 
We have re-analysed some of the data previously tabulated 
in the literature for 1:1 and 2:1 electrolytes in single and 
mixed solvents by means of the LW equation and compared the 
results with those of the author(s). 
We have measured the conductivities of mixed electrolyte 
solutions (BaC1 2+KBr and SrC1 2+NaN03 ) having previously determined 
these values for the individual electrolytes in methanol at 25 0 C. 
The equivalent conductances of these mixtures have been calculated 
theoretically, and the results compared with the experimental 
values. This is the first complete investigation of a mixed 
electrolyte solution involving symmetrical and unsymmetrical 
electrolytes. 
- 2 -
Acknowledgements 
I would like to express my most sincere gratitude to 
my supervisor Dr.W.H.Lee for his guidance, help and interest 
during the course of my work. 
I would also like to thank Dr.R.J.Wheaton for his inva-
luable help and encouragement given throughout this work. 
Finally the University of Mosul in Iraq is acknowledged 
for the study leave which financed the major part of my study. 
- 3 -
INDEX 
Summary 
• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 
Acknowledgements 
• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 
Index • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 
• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • Cha_pter 1 
Section 1 Aims of work. • • • • • • • • • • • • • • • • • • • • • • • 
Section 2 Introduction: A survey of Conductance 
Equations available. • • • • • • • • • • • • • • • 
Chapter 2 Experimental. • • • • • • • • • • • • • • • • • • • • • • • 
Section 1 Solvent preparation. 
• • • • • • • • • • • • • • • • 
Section 2 Solute purification. • • • • • • • • • • • • • 
Page 
1 
2 
3 
5 
6 
7 
14 
15 
16 
Section 3 Preparation and treatment of solutions. 16 
Section 4 Conductance measurements. • • • • • • • • • • • 17 
Section 5 General comments on the experimental 
procedure. 
• • • • • • • • • • • • • • • • • • • • • • • 20 
Chapter 3 • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •• • 22 
Section 1 Interpretation of conductances. • • • • • 23 
Section 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23 
2.1 Conductivity measurements of single 
uni-univalent electrolytes. •••••••• 23 
Discussion. • • • • • • • • • • • • • • • • • • • • • 43 
2.2 Conductivity measurements of single 
uni-bivalent electrolytes. •••••••• 49 
Discussion. • • • • • • • • • • • • • • • • • • • • • • • 79 
2.3 Conductivity measurements of transition 
metal salts. • • • • • • • • • • • • • • • • • • • • • • 83 
Discussion. • • • • • • • • • • • • • • • • • • . • • • • • • 100 
Chapter 4 
Section 1 
Section 2 
Section 3 
Chapter 5 
Section 1 
Section 2 
Section 3 
3. 1 
3.2 
3.3 
3.4 
3.5 
Section 4 
4. 1 
4.2 
4.3 
4.4 
Conclusion 
Appendices 1-3 
- 4 -
Analysis of literature data. 
• • • • • • • • • • • 
Introduction to the data previously 
reported. 
• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 
Analysis of results. 
• • • • • • • • • • • • • • • • • • • • 
Discussion. 
• • • • • • • • • • • • • • • • • • • • • • • • • • • 
Mixed electrolyte solutions. 
• • • • • • • • • • • • 
Experimental procedure. 
• • • • • • • • • • • • • • • 
Analysis of conductance data. 
• • • • • • • • • • • 
Results for Mixture (A): BaC1 2+KBr. • • • • • • 
Treatment of results. 
• • • • • • • • • • • • • • • • • • • • 
Introduction to the tables of results. 
• • • 
Tables of results. 
• • • • • • • • • • • • • • • • • • • • • • 
Consideration of the R-parameter. 
The 'mixture' effect upon L . • 
equlv. 
• ••••••• 
••••• 
Results of Mixture (B): SrC12+NaN03 • • • • • • 
Treatment of results. 
• • • • • • • • • • • • • • • • • • • • 
Tables of results. 
• • • • • • • • • • • • • • • • • • • • • • 
Consideration of the R-parameter. 
The mixture effect upon L . 
equlv. • 
• ••••••• 
• ••••••• 
. . . . . . . ~ . . .' . . ~ . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Page 
107 
108 
111 
125 
136 
136 
149 
154 
154 
157 
158 
172 
177 
182 
182 
185 
201 
206 
210 
Computer programs • • • • • • • • • • • • • • • • • • • • • •• 211 
References • • • • • • • •• •• • • •• • • • • • •• • •• • • • • • • • • • • • •• • ••• • • • •• 22() 
- 5 -
CHAPTER 1 
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section 1. Aims of work 
A recent conductance equation due to Lee and Wheaton 
(the LW equation), based upon a new model for ions in solution, 
describes charge transport in solutions containing any number 
of ionic species of any valency type. This equation is used 
to analyse conductances measured in the present work, for 
some 1:1 and 2:1 salts in methanol at 250 C; it is also ap-
plied to existing results found from the literature for some 
1:1 and 2:1 salts in various solvents. 
After testing its validity to single-electrolyte solutions, 
the model upon which the new equation is based is used to 
analyse the conductance data for a number of mixed-electrolyte 
solutions. The aim here is to obtain the concentrations of 
all the species, ionic and non-ionic, present in the solution 
from conductance measurements. 
The assumptions made in LW equation are:-
1. that when two ions of opposite charge are closer than 
a distance R their domains (p. 43 ) overlap, they lose 
their independent translational motion, combining to 
form a particle of a new species. 
2. that all cations are the same size and all anions are 
the same size in a mixed-electrolyte solution. 
3. that the ions are spherical. 
4. that when new species (charged or uncharged) 
+ 2+ 
of the type MX,MX ,MX ,MX;, •.•••• etc. are formed, we 
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may neglect the dipolar or multi-polar nature of these 
entities, assuming them to interact with each other, and 
with other ions, simply as charged spheres surrounded by 
domains of radius Rj~. 
Section 2. Introduction 
Accurate methods of measuring the conductance of a 
solution were first developed by Kohlrausch (1870 - 1900). 
A great advantage of conductivity measurements, both in 
testing theories of electrolytes and as a general research 
tool, is that with suitable precautions the high accuracy 
of the measurements can be maintained in extremely dilute 
solutions. Kohlrausch's results for uni-univalent salts 
in water at 180 C are well known; the equivalent conductance 
was plotted against the square root of the concentration 
to obtain A by linear extrapolation. Kohlrausch pre-
o 
dicted that the relation between the concentration effect 
and the A value suggest that the former is governed by 
o 
physical factors rather than by the individual a values 
of the Arrhenius theory ( a =degree of dissociation = A/A ) o , 
and taken with the "square root law" supported the opinion 
that the physical interactions between the charged ions, 
rather than a dissociation mechanism, governed the behaviour 
of dilute solutions. A mathematical treatment of these 
interactions was given first by Milner (1912) and developed 
- 8 -
.. 
by Debye and Huckel in (1923) in the Interionic Attraction 
.theory, which was modified by Onsager (1926) ~ 
According to Onsager, the modified equation for the 
equivalent conductance of a completely dissociated uni-
univalent electrolyte at very low concentration is:-
A = A 
° 
(a A
o 
+b)Ji 
1+BaoJi •••••• (1.1) 
where Ao = equivalent conductance at infinite dilution, 
aO=an ion size parameter, I=ionic strength=~ r z~ m~, ~ 1 
50.29z1z2 5 
• For 1:1 electrolytes: a= 8.204x10 b= 82.43 J DT (DT)3/2' n (DT)% B = 
where D the dielectric constant of the solvent, nits 
visco si ty in poise and T the absolute temperature. a and b 
in Equation(1.1) represents the decrease in conductivity 
due to the relaxation time effect and, the electrophoretic 
effect respectively1 • For a binary electrolyte (one that 
dissociates into two ions), the limiting equation (LtI~O A) 
can be written as:-
A = A - (a A +b)I~ 
o -() = A o •••••• (1.2) 
where S is often called the 'Onsager Slope'. Equation (1.2) 
is the limiting form of a more general equation from which 
terms of higher order in concentration can be omitted. At 
the same time it is based on the assumption that the ions 
may be treated as dimensionless point charges. Fuoss and 
Kraus 2 modified the conductivity equation for 1:1 electro-
lytes to:-
A = ex l A - (a A + b) ( eex f J 
o 0 
•••••• (1.3) 
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where a and b have the same values as in Equation (1.2) 
and ~ is the fraction of free ion i.e. unpaired to any 
other ion. 
In this formulation the conductivity of a solution depends 
on both the number of 'free' carrier ions and their mobilities. 
Shedlovsky3- suggested a further modification to extend 
the applicability of the equation to solutions of higher 
concentration: -
1 
AS' 
1 
= + 
1 
o 
•••••• (1.4) 
where f is the mean ionic activity coefficient, K is the 
ionization constant = C ~ 2f2/ (1- ~) , C is the concentration, 
and s • (z) = {J{z + [ 1 + (J{z) 2 1 J{ } 2 , z 
Three basiG parameters are obtained from the analysis 
of conductivity data: the equivalent conductance at infinite 
dilution, Ao ; the ion-pair association constant of the 
primary conducting species (M+X-), KA; and the distance 
+ -of closest approach of M and X ions or ion-size parameter, 
a. Several different conductivity equations were later 
developed: Fuoss-Onsager equation (1957)1,5 
= A 
o , •.••.. (1.5) 
in which they have extended the Onsager theory to take into 
account various terms of higher order in (C ) and the finite y 
size of the ions; the modified Fuoss-Onsager equation, Fuoss-
Hsia equation (1967_1968):28,29,30 
A = A 
o 
- 10 -
• • • • • (1 .6) 
which has been corrected and often used in the 'linearised' 
form due to Fernandez-Prini: 6 
A = Ao - sfC + EClnC + J 1 C ••••• (1.7) 
Kraeft equation7 Pitts equationS which has been expressed in 
the same form as equation (1.7) (the difference in the two 
equations uccurs in the coefficients J 1 and J 2);31 Fuoss-
Skinner (1965)9 and Murphy-Cohen (1970)10 which was the first 
extended equation for unsymmetrical 'Strong' electrolytes. 
All of these equations are suitable for use only with solutions 
containing a single electrolyte and with the exception of the 
Murphy-Cohen equation;O are restricted to use with symmetrical 
electrolytes. Quint and Viallard (1972_1975)11,12,1 3 extended 
the relaxation field term in the Fuoss-Onsager equation to 
cover the general case where any number of ionic species are 
present: 
A. = (A ~ - B. r ~ / ( 1 + K )'1 ( 1 + A. X . / X) 
1 1 1 a~ 1 ••••• (1.S) 
where A = the equivalent conductance of the ith species, i 
Bir~( 1+Ka) is the Electrophoretic term and /:).Xi/X is the 
Quint-Viallard Relaxation Term. Their treatment is based upon 
the work of Onsager and Kim14, who modified an earlier method 
involving matrix representation of the mixed solution;5 The 
application of the 
oxalic acid (which 
and oi- as well as 
Wheaton (1977)~6 
completed equation to aqueous solutions of 
+ 
contain the conducting species H30 , HOX 
undissociated H20X) was made by Lee and 
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Recently, an extended form of the Debye-Huckel equation 
for the calculation of molar (or equivalent) conductance of 
electrolyte solutions, has been introduced16 ,17,18,19,ZO 
This equation will be referred to as the Lee-Wheaton equation 
(LW Equ.). It is intended to apply to solutions containing 
any number of ionic species of any valency type, and hence 
it is suitable for use with symmetrical, unsymmetrical or 
mixed electrolytes. To be applicable to multivalent ions 
in solvents of dielectric constant D in the range 20<D(80, 
• 
the equation makes allowance for extensive ion association. 
In the primitive model (PM) of electrolytic conductivity, 
the ions are considered as rigid, uniformly charged, unpolari-
zable spheres of radius a. This model was used in the 
derivation of the conductance equations from 1953 to 1975 
assuming completely dissociated electrolytes; ion association 
was considered as removing ions from the process of charge 
transport by using the mass action equation for the association 
equilibrium. 
Lee and Wheation developed a new chemical model (eM) 
for electrolyte solution, making allowance for _·the finite 
size of both the ions and the solvent molecules, and the 
dipolar nature of the latter. The concept of ion-association, 
with the formation of contact or solvent-separated ion-pair, 
is included. (The distance parameter is R in this model). 
The-:·purpose of this new model is to obtain 
1. information on mobility of ions at infinite dilution, 
e.g. + of SrCl , and the concentration of such 
species present in solution. 
2. information on degree of ion association, i.e. KA• 
3. information on the distance parameter (R). With the 
chemica]. model this represents the distance betwe~n 
two oppositely-charged ions at which a stable ion-pair 
(either charged or uncharged) is first formed. 
4. The degree of stability of two solvated ions which 
approach each other to form a complex which is referred 
to as a solvent separated ion pair (SSIP). The stability 
of M+ (solv.) X- will be dependent upon the polarising 
+ -power of the M and X ions and on the polarisability 
of the solvent molecule. A general plot of the poten-
tial of average forqe against r for two oppositely charged 
ions is shown in Fig. 1.1. 
w .. 
J~ 
------------4---~--_+--------~----------------------- r 
elP 
Fig. 1.1 
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The transition from the SSIP to a contact ion pair (CIP) 
will depend upon the height of the potential barrier 
separating the two species. 
5. Since the new equation includes for the first time terms 
in (8 K )3, the concentration range over which the 
conductance equation is applicable should extend beyond 
the usual limit, Ka ~ 0.2.21 
In brief, the information obtained from conductance 
measurements concerns the values of A~, KA and R. 
The work reported in this thesis was designed to apply 
the LW equation to experimental data obtained for the 
following systems, in order of increasing complexity. 
Except for the data in Chapter 4, all conductances were 
measured in methanol solution at 250 C. The results and 
discussions are presented as follows: 
Chapter 3: 
Section 2.1 Single uni-univalent electrolytes. 
Section 2.2 Single bi-univalent electrolytes of group IIA 
cations. 
Section 2.3 Single bi-uni valent electrolytes of \ ... group lIB 
cations. 
Chapter 4: Analysis of a selection of data previously 
tabulated. 
Chapter 5: Mixed electrolyte solutions. 
We begin with an account of the experimental procedure. 
- 14 -
CHAPTER 2 
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Experimental:-
section 1. Solvent preparation. 
Methanol (BDH Analar grade) was purified and dried by 
the method previo.usly described~2 with slight modification. 
100 ml of methanol was added to a 2L flask (connected with 
a condenser and a receiver which was protected by a fresh 
calciwm chloride tube) containIng iodine (1gm) and magnesium 
turnings (10gm). A reaction should be seen to start within 
a few minutes. The rest of the methanol to be dried was 
added (up to 2L) until all the iodine had reacted (from 
the disappearance of the brown colour) and the methanol 
was refluxed for about 2 hours. The methanol condensed and 
collected in a large receiver flask which was protected by 
a tube of fresh calcium chloride, under nitrogen gas. This 
procedure was repeated twice or three times to insure that 
the methanol was completely dried and precautions are taken 
to keep the methanol out of contact with the atmosphere. 
The methanol properties at 250 C are as follows:-
Specific conduc-
Density Dielectric Viscosity B.P. -, tance (K) 
(Poise) °c -1 -1 (gm/ml) constant (ohm cm ) 
0.78658 32.62 0.005445 64.5-64.7 -8 -7 1.0x10 -1.0x10 
- 16 -
Gas chromatography was used to determine the water 
content of the purified methanol. The instrument used was 
a Pye Unicam GCV Chromatograph-thermal conductivity detector, 
Carrier gas: Helium, Temp. : 1QOoC, Inlet pressure: 1.8 
bar, Sample size: 1 micro liter, Column: 1.5m x 6mm 
PQrapak _t'Q t 60 80# Fl t 40 3 . -1 Th t - , ow ra e: cm. m~n.. e wa er 
content was found to be not more than 0.01%. 
Section 2. Solute purification 
The treatment and purification of each of the solutes 
is given before the table listing the conductances of solutions 
of that solute. A general method of testing for water 
in the solutes was by IR spectroscopy. Infrared spectra 
of nujol mulls of all the salts were examined to detect 
( -1 the presence of water OH stretch at 3500-3600cm and 
-1) deformation at 1615-1640cm • I.R spectra showed no water 
to be present. 
Section 3. Preparation and treatment of solutions 
All stock solutions were prepared by weight in a dry 
box because the solvent and most salts which have been studied 
are hygroscopic. 
During each run, stock solution was added from a plastic 
syringe. The plastic syringe was found to be more efficient 
than the glass one; the weight loss due to evaporation of 
- 17 -
the solvent was reduced, because the plastic syringe has 
a much closer-fitting plunger than the glass syringe. The 
plastic syringe was usually washed with methanol several 
times, then dried in a stream of nitrogen (before using) 
and generally washed with the stock solution three times 
before each addition to the cell. Known amounts of the 
stock solution were injected from the plastic syringe 
(which was-weighed before and after each addition) into the 
conductivity cell through a rubber suba-seal cap (c), Fig. 2.1. 
By suitable combinations of tap positions (taps 1, 2, 
3 and 4) the liquid level in side arm B could be raised or 
lowered, or nitrogen bubbled through the solution in the 
cell, without changing the flow direction in the gas line. 
During additions of stock solutions all taps were open and 
the nitrogen flow continued by-passing the cell, hence there 
was no problem of pressure increase as the solution was 
injected. The stock solution added was therefore washed 
down into the body of the cell and by passing nitrogen in 
through arm B (and bubbling through the solution), thorough 
agitation and mixing was achieved. Complete mixing was 
ensured by bubbling nitrogen through the solution until the 
conductance was constant. About 15-20 additions of stock 
solution were carried out for each run. 
Section 4. Conductance measurements 
A general method has been used for conductance measure-
ments of 1:1 and 2:1 salts in the non-aqueous solvent 
lime 
water 
I 
to remove CO 2 
CaC1 2 
I 
To remove 
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Methanol traps 
thermostate~ at 25°C 
Fig. 2.2 
Thermostat 
at 25°C 
Fig. 2.1 Conductivity Cell. 
\ 
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methanol. All the measurements were made at a single 
frequency of 1591Hz, using a Wayne-Kerr automatic conduc-
tivity bridge of the transformer ratio-arm type B642 with 
input voltages between 0.2 and 1.2 volt. 
For conductivity measurements in a non-aqueous solvent 
such as methanol, which is very volatile and highly mobile, 
and which has a specific conductivity that is extremely 
sensitive to atmospheric water and carbon-dioxide, a special 
design of apparatus and special experimental techniques are 
required. 
The conductance cell and the nitrogen line (Figs. 2.1 
17 
and2.2) used were those previously used by Wheaton. 
They were designed to ensure complete isolation of the system 
from the outside atmosphere, and to maintain this isolation 
during the separate additions of solute. 
Because of the high sensitivity of methanol to atmos-
pheric water and carbon dioxide the nitrogen gas was passed 
through lime water, sulphuric acid and calcium chloride, then 
through several traps of methanol which were kept in an oil 
thermostat at a constant temperature (250 C). The conductivity 
cell was washed with conductivity water, methanol and then 
dried, and placed in the closed-box oil thermostat at 
(25~0.01oC). Purified nitrogen was passed through the cell; 
then a known amount of purified methanol was added and the cell 
plus contents were weighed. Nitrogen gas was passed for 
further 30 minutes (approximately) until the conductance of the 
- 20 -
solvent was constant; the cell and contents were then 
reweighed to ensure that no weight change had taken place. 
After all the additions had been made, the cell was 
washed free of oil, dried and then reweighed to find the 
weight change which had taken place through the whole run. 
It was found that the maximum weight loss through a single 
run was not more than 0.02%. 
The cell constant K depends on the size, shape, and 
surface of the electrodes of the conductivity cell and on 
the distance between them. It was measured for the con-
ductivity cell (with bright platinum electrodes) using the 
method of Jones and Bradshaw~3 0.01D KCl solution 
(0.745263gm per 1 Kg of solution) was prepared from KCl, 
BDH reagent, recrystallized three times from conductivity 
water then dried at 760 mm/Hg and 500°C for 6 hours. The 
cell constant was regularly checked and found to be 
. -1 
O.07648cm +0.0001. 
. -
section 5. General comments on the experimental procedure 
It was found that:-
1. The contents of the cell must be completely isolated 
from the outside atmosphere and this isolation must~'be 
maintained during tl}; .. addi tion of known amounts of the 
stock solution. 
2. The solvent (methanol) is extremely sensitive to at-
mospheric carbon dioxide and water, and exposure of the 
- 21 -
solvent to the atmosphere led to a considerable rise 
in the value of K solvent. But on passing dry nitrogen 
through the special grade, three times distilled methanol, 
the conductivity of the solvent gradually decreased to 
a low value. 
r 
3. All 1:1 salts and most of 2:1 salts were extremely 
hygroscopic. A dry box was used in preparing all the 
stock solutions, and also used for preparing the samples 
of salts for I.R measurements. 
4. Some of the salts were not easily soluble in methanol, 
and required several days to dissolve· completely. 
5. 1:1 salts need very precise measurement in a solvent 
such as methanol, in order to obtain reproducibility. 
6. It was found originally that the loss in weight before 
and after all the additions of stock solution had been 
made was about 0.5gm in a total weight of about 120gm, 
which is very great and leads to non-precise results. 
This difficulty was overcome by passing pure N2 gas 
for about 15 minutes through the empty conductivity 
cell and then passing the gas through the solvent in 
the conductivity cell. By using this procedure the 
loss in weight was found to be (0.01 to 0.2gm) in a 
total weight of about 120gm. 
- 22 -
CHAPTER 3 
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Section 1. Interpretation of conductances 
We now consider the application of the LW conductance 
equation to selected examples from each of the three systems 
listed above. As the complete equation may be simplified 
for some systems, we shall consider the form appropriate 
for each case. 
Section 2. 
2.1 Single uni-univalent electrolytes 
For the specific case of solutions containing only a 
single symmetrical electrolyte:-
where A 
o 
A 
equiv. 
is the equivalent conductance at 
KA the pairwise ion association constant:-
·······(3.1) 
infinite dilution, 
M+ + X- , 
~ ~' 
(M+ X-)o where n may be zero, and R is the distance n.aq , para-
meter which is defined as the distance between anion and 
cation at which short-range forces become strong enough to 
impede further approach of the ions, allowing the formation 
of contact or solvent-separated ion-pairs]7 The magnitude 
of R depends upon the extent of ion-solvent interactions in 
the solution. It was suggested18,20that for both symmetrical 
and unsymmetrical electrolytes all R .. terms could be replaced J~ 
by R where R = R t. + R. ; but where more than two ca ~on an~on 
species are present, the assumption was made that all cations 
have the same radius (R t. ) and similarly all anions have 
ca ~on 
the radius (Ranion). 
- 24 -
The complete equation here reduces to the form:-
••••••• (3.2) 
where the concentration-dependent terms are both the 'plasma 
parameter ' (EK) and (K R) .18, 19 Th t e concen ration-coeffi-
cients are functions of these parameters. 
In equation (3.2):-
2 
E = , K = 
-- DkT 
2 2 8 IT Ne Iz I C 
1000DkT 
, p = F r,; e Iz \ 
3 TIn 
where F = Faraday constant (9.64867x10 4) and r; is a 
conversion factor (volt ~ e.s.u.)= 1/299.7925. The terms 
C1~C5 have been defined previously;9 
The input data to the computer programme (SYM4) 17 are: 
solvent data (T ,D, n ); KA ; Ao ; and R in the form R. , m~n. 
RM ' ~R , together with the solution molarities and the 
ax. 
corresponding equivalent conductances. 
The computer programme (SYM4) calculates those values 
of A 0' KA and R (the characteristic ion-pair distance 
parameter) which gives the "best fit" of the experimental 
conductances to the equation ( 3.2) as measured by the 
quantity 0(1\): 
~ 
{~:~ ( 1\ - 1\ )2 } o (1\) = calc. expt. 
Np 
•••••• (3.3) 
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where Np is the number of pairs of conductance-concentration 
data. 
Note:- cr(A) is sometimes (incorrectly) referred to as the 
standard deviation of the data from equation (3.2). 
Results:-
Conductivity measurements of some 1:1 salts (Alkali-metal 
salts) in methanol at 250 C. 
The following are the results of typical conductivity 
runs. The number of such runs, for each solute, is given 
in Table 3.8; the reproducibility of the A . values is equlv. 
illustrated in Fig. 3.9, where the data for 3 conductivity 
runs is summarised. 
(1) Lithium Chloride:-
LiCl: Fisons recrystallised 4 times from conductivity 
water and then dried in vacuo at 1200 C under nitrogen for 
12hrs. 
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Table 3.1 
( -1 C: Molar concentration mole 1 ), 
( 2 -1 -1 conductance cm ohm equiv. ). 
3.240924 
6.595791 
9.886547 
13.11708 
16.36722 
19.52765 
22.66321 
25.93975 -
29.01908 
32.11825 
35.17259 
38.15499 
41~10464 
44.06851 
46.97197 
Aequiv.: equivalent 
A 
eguiv. 
88.7434 
86.7392 
85.1058 
83.9112 
82.6685 
81.7436 
80.7941 
79.9700 
79.2012 
78.5120 
77.8477 
77.2750 
76.7162 
76.1903 
75.6979 
In Fig. 3. 1 A equiv. is plotted against C~ of LiCl. 
90 
Fig. 3.1 
• 
• 
85 • 
• 
80 
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equi v. 
75 
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LiCl/MeOH at 25°C • 
• 
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• 
• 
• 
5 
• 
• 
• 
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• 
• 
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(2) Sodium Chloride 
NaCl: BDH reagent recrystallised 3 times from conductivity 
water and then heated at 300°C for 5 hrs. 
Table 3.2 
Cx104 A equiv. 
2.079512 93.4848 
"4.139239 91.9275 
6.043316 90.9461 
7.968074 90.0954 
9.918144 89.2399 
11 .84980 88.5921 
13.74257 88.0990 
15.50451 87.8782 
17.37694 87.0137 
19.18090 86.5859 
20.83399 86.2004 
22.58949 85.8855 
24.32977 85.5136 
26.03116 85.1436 
27.73802 84.7476 
In Fig. 3.2 A is plotted against C~ for NaCl. 
equiv. 
95 Fig. 3.2 
• 
92 
• 
• 
• 
89 • 
A • 
equlV. 
86 
83 
o 1 2 3 
C~ x 10 2 
NaCl/MeOH at 25°0 • 
• 
• 
• 
• 
• 
• 
• 
4 
• 
• 
5 
• 
6 
rv 
\.0 
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(3) Potassium Chloride 
KC1: BDH reagent recrystallised 3 times from conductivity 
water then dried at 760mm/Hg and 5000 C for 5hrs. 
2.251451 
4.439381 
6.590329 
8.721707 
10.81371 
12.89943 
14.95734 
16.97467 
18.95659 
20.90109 
22.80969 
24.72322 
26.60506 
28.32995 
30.15392 
Table 3.3 
Aeguiv. 
100.8651 
99.2651 
97.9971 
96.7623 
95.8006 
95.0204 
94.3793 
93.7154 
93.1664 
92.6694 
92.1693 
91.6361 
91.1454 
90.7935 
90.4615 
In Fig. 3.3 A is plotted againRt C~ for KCl. 
equiv. 
102 Fig. 3.3 
• KCl/MeOH at 25°C • 
99 • 
• 
• 
96
1 • • A eq ui v. 
• \>I 
~ 
• 
93 f • 
• 
• 
• 
• 
• 
• 
90 
0 1 2 3 4 5 6 
c~ x 10 2 
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(4) Rubidium Chloride 
RbCl: BDH reagent recrystallised 3 times from conducti-
vity water and then heated at 500°C for 10hrs then in vacuo 
and under nitrogen at 100°C for 5hrs. 
1.710661 
3.387127 
5.072836 
6.712151 
8.335297 
9.951769 
11 .55040 
13.13588 
14.71428 
16.19405 
17.70108 
19.20341 
20.65193 
22.14556 
23.56570 
24.99068 
26.38554 
27.78881 
29.16457 
30.52594 
In Fig. 3.4 
Table 3.4 
Aequiv. 
107.2631 
105.5190 
104.1808 
103.1431 
102.1061 
101 .1985 
100.5012 
99.7824 
99.1103 
98.4603 
97.8979 
97.3680 
96.9083 
96.4504 
95.9929 
95.5383 
95.1254 
94.7529 
94.4002 
94.0486 
A . is plotted against C~ of RbCl. 
equlv. 
108 Fig. 3.4 
• 
• 
104 • 
• 
• 
• 
100 
A equi v. 
96 
92 
o 1 2 3 
C~ x 102 
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(s) Caesium Chloride 
CsCI: BDH Analar reagent recrystallised 3 times from 
conductivity water and dried at 500°C. 
Table 3.5 
Cx104 A eguiv. 
1 .872145 109.6619 
3.730654 108.4965 
5.532292 107.5308 
7.349166 106.1517 
9.136339 105.3938 
10.91730 104.1730 
12.66051 103.3006 
14.38464 102.6692 
16.07246 101 .8327 
17.73872 101.2782 
19.41268 100.6214 
21 .09441 100.0682 
22.69540 99.5466 
24.28309 98.9906 
25.86616 98.5500 
27.44114 98.1055 
28.99847 97.6632 
30.51455 97.2723 
32.04031 96.8413 
33.52424 96.4785 
In Fig. 3.5 A • is plotted against C~ of CsCl. 
equl.v. 
111 . Fig. 3.5 
• CsCl/MeOH at 25°C • 
• 
• 
107 
I 
• 
• 
• 
103t • 
• A 
equiv.1 • 
• 
• VJ V1 
• 
• 
99+ • 
• 
• 
• 
• 
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95 
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(6) Sodium Nitrate 
NaN03 : BDH reagent recrystallised ,3 times from conducti-
vity water, then dried at 130°C for 3 days. 
2.454394 
4.937578 
7.445380 
9.936714 
12.35059 
14.80940 
17.26156 
19.62491 
22.07961 
24.43589 
26.78483 
29.05139 
31.31121 
33.48034 
35.66193 
37.75567 
In Fig. 3.6 
Table 3.6 
Aeguiv. 
102.0598 
100.1280 
98.3024 
96.6576 
95.5384 
94.2911 
93.3020 
92.5102 
91.8202 
90 .8847 
90 .0528 
89.3715 
88.6369 
88.0569 
87.4525 
86.9377 
~ Aequiv. is plotted against C of NaN0 3 • 
105 Fig. 3.6 
NaN03/MeOH at 25°C • 
• 
100
1 
• 
• 
• 
• 95 
• 
A 
equiv. • 
• 
• 
\..N 
-..J 
• 
90 f • 
• 
• 
• 
• 
• 
85 
.0 1 2 3 4 5 6 7 
C~ x 10 2 
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(7) Potassium Bromide 
KBr: Analar BDH anhydrous, dried in vacuo at 120°C 
for 3 days. 
2.155753 
4.167705 
6.244256 
8.405543 
10.47333 
12.45862 
14.45850 
16.46499 
18.36152 
20.25923 
22.19176 
23.99104 
25.79447 
27.56702 
29.29840 
In fig.3.7 
A plot of 
A . equl.v. 
A . 
equ~v. 
which have been measured 
Fig. 3.8. 
Table 3.7 
A equiv. 
105.8518 
104.1152 
102.5978 
101.4844 
100.6532 
99.8381 
99.2527 
98.5376 
97.9815 
97.3728 
96.8198 
96.0618 
95.6906 
95.2529 
95.0013 
is plotted against C~ of KBr. 
against C~ for all the 1:1 salts 
in methanol at 25°C is shown in 
106 
• Fig. 3.7 
KBr/MeOH at 25°0 • 
• 
103 
• 
• 
• 
100 
• 
• Aequi v. 
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Table 3.8 
Salt No. of runs 
LiCl 5 
NaCl 9 
KCl 4 
RbCl 4 
CsCl 4 
NaN°3 3 
KBr 5 
95 
Fig. 3.9 
LiCl/MeOH at 25°C. 
90 . + 
~ Run 1 
" 
+ Run 2 
+ 
• Run 3 
+. 
+ 
-+ 
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• 
801 
. +. 
•• 
. ' 
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75 t 
• 
70-'------~------+-----~~----~------~------~------+_------~----~~----_ 
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Discussion 
For an electrolyte solution, the interactions between ions 
and solvent molecules are of four ty~es:-
1. di~ole-di~ole forces. 
2. ion-dipole forces. 
3. ion-ion forces. 
4. ion-dipole-ion forces. 
If we consider an ion in a polar solvent, the three solvent 
regions around the ion are shown in Fig. 3.10: 
Fig. 3.10 
.- ......... 
/ "'-
/ ...- - \ 
I / .... solvatw'll \ 
I ( 0 I I \ \ V J I 
" I \ --,/ ~ 
" disorgani~d 
-shell' 
bulk of solvent 
in which the ion is surrounded by a shell of solvent molecules 
i.e. the solvation shell. At large distances from the central 
ion, the solvent molecules will be part of the bulK solvent 
structure. An intermediate or 'disorganised' region of solvent 
molecules exists between these two regions: 
For two ions with charges 
them, at large distance r is: 
2 F = e. e ./Dr 
1 J 
e. and e., the force between 
1 J 
•••••• (3.4) 
where D is the bulk dielectric constant of the solvent. 
* In the original papers~8 this region of disorganised solvent 
.-
molecules was referred to as the 'domain' of the ion. 
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As the two ions approach, the dielectric saturation about 
each ion results in an extra repulsive force between the ions, 
Fig. 3.11. 
.'-... 
/ 
Fig. 3.11 
r 
bulk of 
solvent 
/ 
I 
\ 
\ 
-
-- -
/' 
'\ 
\ 
I 
/ 
If we consider the situation when we have cation and anion 
separated by one solvent molecule (Fig. 3.12), the intense 
field of both ions will polarise the solvent molecule between 
them forming a new species M+(solv.)X-, 
solvent molecule Fig. 3.12 
solvent molecule 
SSIP CIP 
the solvent separated ion pair (SSIP). In extreme cases, the 
solvent molecule may be 'squeezed out', leaving a contact ion 
pair (CIP). The stability of this new species will depend 
upon the polarising power of the cation (M+) and the anion (X-), 
and on the polarisability of the solvent molecule. When the 
ions are small in size or highly charged, they have great 
polarising power and the cation and the anion may be separated 
. 
by two or three solvent molecules; this new species may be 
stable, Fig. 3.13. 
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Fig. 3.13 
-X 
solvent molecules polarised 
Ion Association 
The concept of ionic association provides a simple method 
of dealing with the situation which arises when ions of opposite 
sign are close together. In these circumstances the energy 
of their mutual electrical attraction may be considerably 
greater than their thermal energy, so that they form a new 
entity in the solution, of sufficient stability to persist 
through a number of collisions with solvent molecules. In the 
case of symmetrical electrolyte~ such ion-pairs will have no 
net charge, so they will not take part in charge transport. 
Due to Bjerrum,24 the average effects of ion-pair formation 
may be calculated on the basis that all oppositely charged 
ions within a certain distance of one another are 'associated' 
into ion-pairs. Bjerrum proposed that this critical distance, 
q, is equal to:-
q = •••••• (3.5) 
Ion pairing may occur in two or three stages, e.g.: sol-
+ -vated ions M and X associate to form SSIP or elP in a 
hydroxylic solvent like methanol:-
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Me 
+ I 
M ----0 - H----O - H--~-X-
I 
(SSlP) Me 
+ (m+n-2 )MeOH 
Me 
+ I 
M ----0 H----X + (m+n-1)MeOH 
, 
(SSlP) 
M+----X- + (m+n)MeOH 
. (elP) 
•••••• (3.6) 
The stability of SSlP species (e and B) and the extra force 
required to 'squeeze out' the solvent molecules to form the 
elP(A), will result in the general plot of W~. (the potential Jl 
of average force between the ions) against the distance between 
the ions, ", shown in Fig. 3.14. 
o w .. Jl 
Fig. 3.14 
a+d a+2d --------~O~---;----------~------+-------------~r a 
elP 
A 
B 
SSlP 
d = diameter of 
solvent molecule 
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The depth of the wells A,B and C will depend on the 
polarising power of M+ -and X and on the polarisability of 
~e solvent molecules. When the ions are relatively large 
~d of small charge, B and C are very shallow, and CIP will 
form directly. If both ions are small and highly polarising, 
C or B are first formed. 
In methanol, of dielectric constant 32.62, a considerable 
amount of-ion-pair formation is to be expected even with 1:1 
electrolytes, since the Bjerrum critical distance is 8.9~. 
The KA values obtained confirm this. 
The range of concentration over which the LW equation 
can be used to analyse the results of symmetrical electrolytes 
in methanol is O.01M, but due to the problem of solubility 
we were not able to cover the full range. The upper limit 
of concentration was approximately O.005M. 
The analysis of our experimental results for 1:1 salts 
o in meth~ol at 25 C, Table 3.9, shows that: 
The R values of the chlorides follow the trend: Li+ > Na+ > 
K+ > Rb+ > Cs: This c~ be explained by the following:-
the size of the cation increaseCfrom Li+ + + Cs. Since Li+ 
is small in size, it is highly polarised and tends to form 
covalent bonds, while Cs+ is large in size and has much less 
ability to polarise the solvent molecules. The R values show 
that LiCI and NaCl exist as SSIP's in methanol while KCl, 
RbCl and CsCI form CIP's. Because Li+ is the 'most covalent' 
of the chlorides, its KA value is higher than the others; 
however, considering all our KA values, they lie in the 
- 48 -
Table 3.9 Results of analysis of conductance data for the 
Alkali Halides in methanol at 25°C by using LW 
equation. 
Salt R/~ 
LiCl 9.6 32.39 
NaCl 6.8 13.95 
KCl 2.7 18.68 
RbCl 3.5 30.84 
CsCl 2.5 32.06 
NaN0 3 7.5 44.14 
KBr 6.0 21.78 
A 
o 
93.50 
96.97 
105.00 
111.04 
114.98 
106.88 
109.73 
0.036 
0.092 
0.060 
0.027 
0.067 
0.099 
0.113 
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range 20-30, and do not show any general trend. From the same 
table, the results show that the limiting equivalent conduc-
ti vi ty Ao increases as follows: - LiCl < NaCl < KCl < RbCl < 
CsCl. The lithium ion (Li+), which is the smallest of the 
alkali metal ions, has the lowest mobility; the order of 
increasing mobilities is in fact the order of decreasing size 
for the ion-solvated complexes. 
The values of (J (A) are small, and generally less than 
0.1 for all the salts. 
The results of the analysis of NaN0 3 and KBr are included 
in the same table; they are discussed in more detail in 
Chapter 5. 
We can compare our results with some of the scattered 
data available from the literature. The most reliable data are 
those of Ever$ and Knox25 for NaCl and KCl in methanol at 2SoC. 
Their Ao and KA values are in excellent agreement with our 
results, but their method of analysis leadsto higher R values. 
2.2 Single bi-univalent electrolytes 
t 1 t MY_. .. . t M2+ For an unsymmetrical elec ro y e .-L lonlslng In 0 
and X- , the possible association equilibria are:-
) MX+ ••••• (3.7) 
+ X ) ••••• (3.8) 
Thus three ionic species are present in the solution, which 
are M2+, MX+ and X: 
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All such solutions are in effect 'mixed electrolyte' solutions, 
since the ion -pair MX+ is a conducting species. 
s 
A -equiv. - \lz.lm.A./C ~ 1. 1.1. 
i=1 
This equation (3.9) is derived as follows:-
We calculate 
and 
or 
and 
A . = f( AO £K , R) 1. i' 
C. A. I z.l m. A 
cr. 1. 1. 1. 1. i = = 1. 1000 1000 
s 
crsoln • =L cr· 1. 
i=1 
s 
1000 crsoln • = L Ci Ai 
i=1 
s 
Asoln • =2] zilmiA/Lci 
i=1 
•••••• (3.9) 
•••••• (3.10) 
•••••• (3.11) 
•••••• (3. 12) 
•••••• (3.13) 
•••••• (3.14) 
where s is the number of ionic species; cr is the specific 
conductance; C is the stoichiometric equivalent concentration; 
A., m., C. and z. are the equivalent conductance, molar free 
1. 1. 1. 1. 
ion concentration, equivalent concentration and charge of the 
ith species respectively. 
Thus for 2:1 associated salts:-
A = f( A ° 2+ MX M 2 
AO + AO- K(1) K(2) R) 
, MX ' X ' A ' A' •••••• (3.15) 
where R is the average centre to centre distance for ion pairs. 
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A multi-parameter 'least s~uare' curve fitting procedure 
is used to give the lowest value of the 'curve-fitting para-
meter' 0( A) of the experimental and calculated points. 
Since is normally well known from the analysis of 
transport data for 1:1 salts, and a close estimate of A~2+ 
values are also known* hence. 
• •••• (3.16) 
An iterative numerical method, which was found 17 to 
be very successful, has been used to find the minimum a (A ). 
In this case:-
• • • • • • (3.3) 
The appropriate form of the complete e~uation is:-
s ~". { 1+z. L X ~ 
J Jp=2 J 
c~(t)~d3 n 
(5) l 
+11 j t/6 J •••••• (3.17) 
(the terms in e~uation (3.17) are defined in reference 17 ) 
where the plasma coefficients 
of KR and ~p. The terms X ~ 
• • • 
etc. are functions 
and qp are functions of the 
limiting mobilities, the concentrations, and charges on all 
ions present in the solution. 
* 
The source of the AD data used will be given in the analysis 
of data. 
The terms cP 
v 
set equal to zero. 
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and V(~) are incomplete, 
J 
* However, Pethybridge 
and are usually 
finds that V~2) 
J 
must be included in order to obtain reasonable AO MCl+ values 
for MCl2 in water (M=alkaline earth metal). 
z. 
1 
The input data are: solvent data (T,D,n); the charge 
and . (1) (2) AO Ai for each ionic specles. K A ,KA ' MX+' 
).0 0 2+ and M R, all in the form Ki1)(min.) , Ki1) (max), 
( 1 ) . f),.KA etc., then the experimental data which are the molecular 
concentrations and the equivalent conductances. 
A complete listing of the programme (in ALGOL) used to 
determine values of K(1) K(2) AOMX+, AOM2+ and R A 'A ' 
which minimize cr(A) is given in reference 17. 
Resul ts 
Conductivity measurements of some 2:1 salts (alkaline 
earth salts Group IIA cations) in methanol at 250 C. 
The following are the results of typical conductivity 
runs. The number of such runs for each solute, is given in 
Table 3.19. The results of two conductivity runs for 
sr(No
3
)2 are plotted in Fig. 3.25, to illustrate the 
reproducibility of the A . • equlv. 
* Private communication. 
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(1) Barium Chloride 
BaC12 ·2H20: Fisons recrystallised 3 times from conductivity 
water, dried at 2500 C for 10hrs. at 760mm/Hg gives BaC1 2 • 
Table 3.10 
C: molar concentration (mole.1-1), A . : equivalent 
equlv. 
( 2 -1 -1) conductance cm ohm equiv. • 
1.816426 
3.675704 
5.425329 
7.118370 
8.854846 
10.50957 
12. 15026 
13.72658 
15.39717 
17.03586 
A eg ui v. 
96.6744 
90.3030 
86.1254 
82.9928 
80.3641 
78.2628 
76.4126 
74.9365 
73.4867 
72.1643 
In Fig. 3.15 is plotted against C% of BaC1 2 • Aequi v. 
i' 
1 ' 
i ' 
i 
, , 
~ ~ 
98 Fig. 3.15 
l:l BaC12/MeOH at 25°C. 
91 l:l 
l:l 
841 \Jl ~ 
a 
A 
equiv. 
I 
e 
e 
77 ~ e 
e 
e 
e 
I 
70 
0 1 2 3 4 5 
C~ x 10 2 
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(2) Strontium Chloride 
SrC12 ·6H20: BDH Analar recrystallised 3 times from 
conductivity water, dried at 1080 C for 4 days at 7~Omm/Hg 
gives SrC12 • 
In Fig. 3.16 
0.525721 
1 .044008 
1.571245 
2.079437 
2.596236 
3.108115 
3.599598 
4.095164 
4.590970 
5.080895 
5.569753 
6.035106 
Table 3.11 
A 
equiv. 
102.1158 
99.7018 
97.1210 
95.0940 
93.3186 
91.7424 
90.4100 
89.1236 
87.8382 
86.8218 
85.8647 
85.0168 
~~uiv" is plotted against C~ of SrC12 " 
(3) Calcium Chloride 
CaC1
2
: BDH recrystallised 3 times from conductivity water 
to obtain pure hydrated crystals of CaC1 2·6H20. The hydrated 
crystals were then crushed and slowly heated in vacuum for 
o 26 5 days at 130 C, which removed most of the water. (To obtain 
anhydrous CaC12 required a special furnace which was not 
105 Fig. 3.16 
I!J 
SrC1 2/MeOH at 25°C. 
100 f!) 
El 
95 I!J 
I!J 
A 
equi v. e 
90 e 
e 
e 
e 
8 
85 e 
80 ~I------------~------------~------------~------------+-------------~----------~ 
0.0 0.5 1 .0 1 .5 2.0 2.5 3.0 
C~ x 10 2 
\.J1 
0'\ 
- 57 -
available in the Chemistry Department, a high temperature fur-
nace in the Metallurgy Department was used). Dehydration was 
completed by heating the salt in a silica flask in a stream 
of dry hydrogen chloride, the temperature being raised gradually 
over several days to 740°C. The hydrogen chloride was then 
displaced by dry nitrogen before allowing to cool. The sintered 
product was crushed in a mortar in a dry box over phosphorus 
pentoxide. Atomic absorption analysis shows that the compound 
contained: 35.89% Ca and 63.6~/o Cl , compared with the theo-
retical figures: 36.03% Ca and 63.97% Cl. 
In Fig. 3.17 
Cx10 4 
1.788287 
3.568503 
5.360977 
7.115822 
8.803039 
10.50890 
12.22274 
13.85184 
15.50811 
17. 11 728 
18.67666 
20.27384 
21.85661 
23.39061 
A 
equiv. 
Table 3.12 
A . equlV. 
96.8570 
9G.59g2 
86.2989 
83.1268 
80.7042 
78.5203 
76.6146 
75.0301 
73.5760 
72.1995 
71.1262 
70.0497 
69.1060 
68.2032 
is plotted against 
100 Fig. 3.17 
I!) CaC12/MeOH at 25°C. 
93 
m 
86 B 
A 9 
equiv. \J1 (X) 
a 
79 
e 
a 
a 
m 
72 ~ m 
a 
e 
B 
a 
65 
0 1 2 3 4 5 
C~ x 102 
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(4) Barium Bromide: 
BaBr2 .2H20 : BDH recrystallised 3 times from conductivity 
water and dried at 160°C and 760mm/Hg for 
4 days gives BaBr2• 
0.890497 
1.779475 
.2.656913 
3.527098 
4.351373 
5.196166 
6.005495 
6.820482 
7.641032 
8.434251 
9.229325 
9.875864 
10.65126 
11 .38531 
12.1-5468 
12.90228 
13.63191 
Table 3.13 
It _ 
egulv. 
105.5178 
102.0149 
99.2690 
96.9385 
94.9740 
93.2950 
91.8015 
90.4194 
89.2673 
88.1262 
86.9980 
86.1426 
85.2928 
84.5294 
83.7093 
83.0340 
82.3243 
In Fig. 3.18 A _ is plotted against C~ of BaBr2 • equlV. 
110 Fig. 3.18 
BaBr2/MeOH at 25°C. 
I!f 
104 
I!f 
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I 
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El 
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80 
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(5) strontium Bromide: 
SrBr2 ·6H20 : K & K Reagent recrystallised 3 times from 
conductivity water then dried at 300°C 
and 760mm/Hg for 4 days gives SrBr2• 
0.810483 
1 .216501 
1.619442 
2.008468 
2.392713 
2.784305 
3.176922 
3.549759 
3.917150 
4.268597 
4.631258 
4.980966 
5.328766 
5.675175 
6.009877 
6.338642 
6.669311 
Table 3.14 
It , 
eg Ul v. 
-
.106.9373 
104.8809 
103.0592 
101.6227 
100.3102 
99.1810 
97.9495 
97.0231 
96.0161 
95.1432 
94.3809 
93.7428 
93.0064 
92.3830 
91.6920 
91 • 1 592 
90.5957 
F ' 3 19 A is plotted against c~ of SrBr2 • In 19.. Hequiv. 
110 
El 
105 
100 
Aequiv. 
95 
90 
85 
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Fig. 3.19 
El 
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(6) Barium Iodide: 
BaI2 ·2H20 : BDH Reagent recrystallised 3 times from 
conductivity water then heated in vacuo 
at 1400 C for 3 days gives BaI2 • 
1.165364 
1.749112 
2.318083 
2.881652 
3.430083 
3.975492 
4.504290 
5.008314 
5.535829 
6.055431 
6.536265 
7.034784 
7.527140 
8.030098 
'Table 3.15 
114.0705 
111.6585 
109.7884 
108.2089 
106.5934 
105.1571 
104.1880 
103.0942 
102.0430 
101 • 1807 
100.4069 
, 
99.6516 
98.9248 
98.1099 
F o 3 20 A is plotted against C~ of BaI 2 • In 19. • Hequiv. 
115 Fig. 3.20 
a 
B 
110 B 
a 
105 
ftequiv. 
100 
95 
0.0 0.5 1 .0 1 .5 
c~ x 102 
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e 
B 
2.0 2.5 
B 
B 
3.0 
(J\ 
~ 
- 65 -
( 7) s t ro n t i urn 1o did e : 
• . BDH Reagent recrystallised 3 times from 
conductivity water and dried at 142°C in 
vacuo for 3 days gives SrI2 • 
Table 3.16 
Cx10 4 A 
eq ui v. 
\ 
0.570565 113.0514 
1.157470 110.0746 
1.714545 108.0550 
2.281168 106.2763 
2.826439 104.5795 
3.358924 103.4263 
3.885929 102.1536 
4.412708 101 .0511 
4.937034 100.0011 
5.440061 99.1192 
5.934923 98.2642 
6.428140 97.5063 
6.915133 96.7777 
7.405156 96.0540 
In Fig. 3.21 A equi v. is plotted against 
C~ of SrI2• 
115 
Fig. 3.21 
e 
110 e 
e 
e 
105 
A 
equiv. 
100 
95 
90 
0.0 0.5 1.0 1 .5 
c~ x 10 2 
SrI2/MeOH at 25°C. 
a 
e 
a 
e 
B 
8 
B 
8 
2.0 2.5 
a 
a 
3.0 
0"1 
0"1 
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(8) Barium Perchlorate 
Ba(CI0 4)2:- BDH reagent, dried at 110°C for 14hrs. 
Table 3.17 
Cx10 4 A eq ui v. 
1.868910 114.8995 
2.769836 111 .1994 
3.647869 108.1252 
4.556965 105.5196 
5.414422 103.4285 
6.263139 101.6241 
7.121215 99.9575 
7.963859 98.4083 
8.823301 97.0140 
9.600408 95.8927 
10.37000 94.8607 
11.14672 93.8425 
11.89652 92.9102 
In Fig. 3.22 
115 a Fig. 3.22 
Ba(CI04)2/MeOH at 25°C. 
e 
110 
8 
105 e 
A • 
equl.v. 8 
a 
100 
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e 
B 
a 
95 a 
a 
e 
90 ~------------------+-------------------+-------------------~------------------~ 
o 1 2 3 4 
c~ x 102 
0"'\ 
(X) 
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(9) strontium Nitrate 
Sr(N0 3 )2: BDH anhydrous used directly. 
Table 3.18 
CX104 Aequi v. 
2.007169 74.3017 
3.003252 68.5410 
3.974699 64.6137 
4.932367 61.8291 
5.901351 59.5111 
6.823610 57.7051 
7.743757 56.1322 
8.648772 54.8568 
9.536455 53.7203 
10.45183 52.7107 
11.35680 51.7766 
12.23451 50.9689 
13.13985 50.1927 
13.97082 49.5613 
In Fig. 3.23 A equi v. is plotted against C~ of Sr(N0 3)2· 
Fig. 3.24 is a plot of A . against C~ of all alkaline 
equlv. 
earth salts which have been studied in methanol at 25°C. 
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Table 3.19 
Salt No. of runs 
BaC12 4 
SrC12 3 
CaC12 2 
BaBr2 4 
SrBr2 3 
BaI2 2 
SrI2 2 
Ba(Cl0 4)2 3 
Sr(N03 )2 3 
Comparisons between the Sr and Ba halides, and for the 
alkaline earth chlorides,are shown in Figs. (3.26 - 3.28). 
As we mentioned before, the solvent (methanol) should be 
completely free from water. The following table shows how 
the conductivity of the solution is affected by 0.1% by 
weight of H20 in methanol. 
105 Fig. 3.26 
B + BaC1 2/MeOH at 25°C. 
B G SrC12/MeOH " " 
e,.. 
" 
CaC1 2/MeOH " " 
95 1 • 
a 
B 
.. 
A 
equiv.1 
a 
B 
85 t B~ e 
If -..J ~ 
~ 
• 
• 75 t .., 
.., 
• 
• 
• )t 
• 
65 
0 1 2 3 4 5 
C~ x 102 
12 
Fig. 3.27 
Barium Halides/MeOH at 25°C • 
• 
• 
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• 
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• • 10 1 
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• 
• 
• 
• • 
• 
BaI2 • 
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• 
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• 90 M • 
• 
• 
80 
•• M 
•• 
•• M 
• BaBr 2 x 
x 
x 
• 
x 
701 , 
x BaC1 2. 
o 1 2 3 4 5 
~ 2 C x 10 
120 
Fig. 3.28 
strontium Halides/MeOH at 25°C • 
• 
1101 
• 
• 
B 
• 
a 
• 
a • 
+ B • 
• 1001 + a • eJ • -.J 
eJ • 0\ A . I + a • eq Ul. v. • II 
• SrI2 + e a B 
+ ee 
+ 11m 901 + a SrBr2 + 
+ 
+ 
+ 
+ SrC1 2 
I 80 
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Conductivity measurements of Barium Iodide in (methanol+O.1~ wt. 
water) at 25 0 C 
1.174975 
1.774347 
2.355908 
2.958749 
3.534345 
4.100082 
4.671423 
5.230809 
5.763672 
6.298809 
6.800170 
7.310325 
7.836543 
Table 3.20 
112.1090 
109.6696 
107.7238 
105.9890 
104.6434 
103.2618 
102.0107 
100.9709 
99.9956 
99.1496 
98.3626 
97.6186 
96.8216 
In Fig. 3.29 A is plotted against C~ of both BaI 2 equiv. 
(in methanol) and BaI 2 (in methanol+0.1% wt. water) at 25
0 C, 
illustrating the need for the complete removal of water 
from the solvent. 
115 
110 _ 
105 t 
A • I equl.v. 
100 t 
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Fig. 3.29 
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Discussion 
The analysis of our experimental results for the alkaline 
earth salts in methanol by LW equation (TalJe 3.21) shows that 
all of the salts are associated to form the new conducting 
. MX+~· specles 
•••••• (3.7) 
and Sr(N0 3)2 also undergoes the second association to form:-
MX+ X + MX2 •••••• (3.8) i 
The association constants (Table 3.21) increase in 
the following way: CaCl2 < SrCl2 < BaCI2• Since Ca 2+ is the 
smallest ion and has the largest solvation radius of the cations, 
therefore the charge density Q of the solvated ions increases 
from Ca -+ Ba i.e. Q 2+ < Ca Q 2+ < Q 2+ Sr Ba, and we expect 
that KA will be smallest for CaCI 2 ; our experimental KA 
values confirm this trend. The Ki1)values of barium and 
I" 
strontium halides are/the sequence: 
and 
this can be explained by the following:-
the polarizing effect is slightly different for CI , Br and 
I and the K11) depends upon the size of the anion, i.e. 
the smaller anion has the larger KA value, due to decreasing 
stability of M2+ ___ solve --- A along the series 
Cl > Br > I. 
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Table 3.21 Results of analysis of conductance data for the 
Alkaline Earth Salts in metbanol at 25°C 
by using LW equation. 
Salt R/~ 
BaC12 6.1 450 < 1 .0 
SrC1 2 7.6 410 < 1 .0 
CaC12 4.3 340 <1.0 
BaBr2 5.8 290 <1 .0 
SrBr2 17.6 320 <1 .0 
BaI 2 8.9 210 <1 .0 
SrI2 23.3 280 <1.0 
Ba(ClO 4)2 6.6 350 <1.0 
Sr(N0 3 )2 6.0 6220 130.0 
58.9 
58.6 
57.7 
58.8 
58.8 
61.0 
58.5 
60.3 
58.9 
o 
A + 
MX 
39.0 
41 .7 
36.9 
36.7 
29.4 
33.7 
43.5 
24.7 
39.0 
a (A) 
0.005 
0.038 
0.018 
0.181 
0.036 
0.064 
0.034 
0.051 
0.014 
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The R values obtained for all barium and strontium halides 
suggest the formation of solvent-separated ion-pairs. 
The theoretical expression of KA assuming only contact 
ion-pair formation is:-
= KA 
where b = a /f( 
••••• (3.18) 
In eq n • ( 3 • 1 8) , a is the Bjerrum parameter, i.e. the ratio 
of electrostatic energy e.e./Da , of ions i and j at distance 
l. J 
of separation a, to the thermal energy kT. The exponential eb 
represents the long-range forces~7 
If SSIP only are formed, since R=a+ds for SSIP and 
R=a for eIP and since: (a+ds) > a. 
.. the term ea/ R will be smaller for the SSIP than for the 
CIP. Therefore:- KA for SSIP < KA for eIP, and the magnitude 
of KA depends on both eIP and SSIP formation. 
The values of A~+ of the chlorides follow the expected 
trend that > 
since Ca2+ is the smallest cation, and has the smallest 
solvated-ion mobility. The Aia2+ from BaI 2 is higher than 
that from BaC12 and BaBr2 ; however, A~- is not very well 
known from literature. Otherwise, there is good agreement 
between the AOM2+ obtained from the different barium or 
strontium salts: 
° AO 2+ A 2+ Ba Sr 
BaC12 58.9 SrCl2 
58.6 
BaBr2 58.8 SrBr2 
58.8 
BaI 2 61 .0 
SrI 2 58.5 
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The values are all in the range 30-45 and are 
lower than . MX+ ; Slnce is a larger species than M2+, 
therefore its mobility is lower. 
The results for Ba(CI0 4)2 show that it associates like 
+ 2+ . the other salts to form BaCI0 4 and since the Ba catlon 
cannot reach this anion complex very closely, the R value is 
considerably and KA is small. 
The 
higher than for Sr(N03)2 
obtained from Ba(CI0 4)2 is in good agreement 
with the previous values, and ).. ° + is lower than BaCIO 4 
In the case of Sr(N0 3)2 , the 
K(1) 
A value obtained is very 
high (6220) and it associates further to form MX2 , with 
K(2) 
A =130. Since the NO; is planar and has a large tendency 
to associate with cations in methanol, so one expects that the 
distance parameter R will be smaller and KA larger, than 
for the perchlorate. 
( 1 ) 
In spite of the very high value of KA of the Sr(N03 )2' 
the is in excellent agreement with the )..0 2 Sr + 
obtained from the other strontium salts. 
The values of cr(A) obtained for the different barium 
and strontium salts are generally small and are less than 0.1. 
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2.3 Conductivity measurements of transition metal salts 
(Group lIB cations) in methanol at 250 C 
Here again, Equation (3.17) was found to be applicable 
for analysis of data of these salts. Because the values of 
Ki1 ) , Ki2 ) ,A~2+, A~+ of these salts are unknown in 
methanol, we put certain values for them in the input data 
(as before) and we tried to change the values several times 
\ 
till they (together with R values) minimize cr (A). Generally, 
it was found that their Ki1) values are larger than those 
obtained for alkaline earth salts Group IIA in methanol. 
The following are the results of typical conductivity 
runs. The number of such runs,for each solute, is given in 
Table 3.29. The reproducibility is illustrated by the two 
runs (Fig. 3.38). 
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(1) Manganese Chloride 
MnCI 2 : Ventron anhydrous salt used directly. 
-1 C: mole.l. 
Table 3.22 
Cx104 i\eq ui v •. 
2.156618 68.8649 
4.351082 60.4109 
6.465218 55.7272 
8.466230 52.8993 
·10.60195 50.3584 
12.70541 48.7631 
14.64196 47.5632 
16.63809 46.2696 
18.60814 45.3578 
20.48838 44.5922 
22.18278 44.0132 
24.10299 43.2673 
26.00139 42.6967 
27.90562 42. 1265 
29.70460 41 .6607 
31 .52517 41 .2441 
In Fig. 3.30 A ~ equiv. is plotted against C 2 of MnC1 2 • 
70 Fig. 3.30 
B 
65 
60 B 
55 a 
A . 
equlV. a 
50 
45 
40 I • 
o 1 2 3 
C~ x 10 2 
MnC1 2/MeOH at 25°C. 
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&I 
&I 
II 
B 
II 
B 
a 
II 
4 5 
II et a 
6 
OJ 
Vl 
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(2) Ferrous Chloride: 
FeC12 : Ventron anhydrous salt used directly. 
Table 3.23 
Cx10 4 Aequiv. 
2.222760 77.8267 
4.452857 68.3052 
6.721911 62.7242 
9.024088 58.9689 
11 • 15575 56.2705 
13.33076 54.1462 
15.43233 52.2736 
17.46300 50.9030 
19.52244 49.7054 
21.59388 48.5853 
23.62801 47.6232 
25.59301 46.7909 
27.55211 46.0868 
29.34344 45.3976 
Aequiv. ~ In Fig. 3.31 is plotted aginst C 2 of FeCI2 • 
80 
70 
60 
A equiv. 
50 
40 
o 1 
• 
a 
2 
Fig. 3.31 
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(3) Cobalt Chloride: 
CoC12: BDH anhydrous salt used directly. 
Table ,3.24 
Cx10 4 A eg ui v. 
1.672569 78.9986 
2.532156 75.5284 
3.339857 72.8114 
4.163708 70.3899 
4.965100 68.3323 
5.724059 66.6006 
6.457236 65.0791 
7.159695 63.9281 
7.881461 62.6831 
8.613456 61.6181 
9.324528 60.6921 
10.00788 59.8340 
10.69267 59.0777 
11.35484 58.3603 
In Fig. 3.32 
)S 
A . is plotted against C2 of CoC1 2• equl v. 
80 
75 
70 
Aequiv. 
65 
60 
55 
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Fig. 3.32 
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(4) Nickel Chloride: 
NiC1 2 : BDH anhydrous salt used directly. 
Table 3.25 
2.093754 
4.008123 
5.901633 
7.754981 
9.581834 
11.43569 
13.21770 
15.01248 
16.79610 
18.55506 
20.23496 
21.91117 
23.61515 
25.25865 
26.90406 
Aeg ui v. 
86.7678 
79.1948 
74.3322 
70.8184 
68.0917 
65.7808 
63.7400 
62.3094 
60.8835 
59.6460 
58.4738 
57.5433 
56.6136 
55.8216 
55.1224 
In Fig. 3.33 
~ A . is plotted against C of NiC1 2 • equlv. 
90 Fig. 3.33 
• NiC12/MeOH at 25°C • 
80 
a 
• 
70 • 
\.0 
A • a 
~ 
equl.v. 
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• 
• 
• 60 • 
• 
• 
• • 
• 
50 
o 1 2 3 4 5 6 
C~ x 10 2 
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(5) Nickel Bromide: 
NiBr2 : BDH anhydrous salt used directly. 
1 .339320 
2.708731 
4.046399 
5.356354 
6.637458 
7.918986 
9.174893 
10.39102 
11.67561 
12.91523 
14.09407 
15.29620 
16.48360 
17.67229 
Aequiv. 
97.7727 
94.1116 
90.7935 
88.0575 
86.0983 
83.8027 
82.5010 
80.9047 
79.6673 
78.4162 
77.4466 
76.3100 
75.4992 
74.5538 
In Fig. 3.34 A . is plotted against c~ of NiBr2 • equlv. 
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(6) Chromium Chloride: 
CrC1 2 : Ventron anhydrous salt used directly. 
It was found that CrCl2 is sparingly soluble in 
methanol, and the conductivity of the solution could not 
be measured. 
(7) Copper Chloride: 
CuCI2 : BDH anhydrous salt used directly. 
Table 3.27 
·1.538563 
3.046138 
4.522601 
5.976235 
7.295781 . 
8.782805 
10.18475 
11 .59707 
~ 
13.00602 
14.42208 
15.75569 
17. 19293 
18.58517 
19.94059 
21 • 1 5461 
A . equlv. 
46.5447 
42.7036 
40.5576 
39.1196 
37.8412 
36.9856 
35.9720 
35.2843 
34.5197 
33.8879 
33.3252 
32.7636 
32.2639 
31.7967 
31.4000 
~ In Fig. 3.35 Aequiv. is plotted against C of CUCI2• 
50 Fig. 3.35 
CUC12/MeOH at 25°C. 
8 
45 
8 
4°l 
EJ 
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(8) Copper Bromide: 
CuBr2: BDH anhydrous salt used.directly. 
Table 3.28 
Cx10 4 Aeg ui v. 
1 .402718 72.6309 
1.891449 60.8521 
2.866264 55.5656 
3.792806 52.6182 
4.721800 50.5426 
5.651670 48.9794 
6.595652 47.6802 
7.489139 46.6791 
8.416417 45.7526 
9.330527 44.9997 
10.17119 44.4010 
11.02287 43.8150 
11.83337 43.3346 
12.65244 42.8867 
13.45455 42.4616 
14.26725 42.0531 
In Fig. 3.36 Aequiv. is plotted against C~ of CuBr2 • 
~ Fig. 3.37 is a plot of A . against C 2 of all transition 
equlV. 
metal salts which have been studied in methanol of 250 C. 
80 Fig. 3.36 
CuBr2/MeOH at 25°C. 
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Table 3.29 
Salt No. of runs 
MnCl2 3 
FeC12 3 
CoC12 3 
NiC12 2 
NiBr2 3 
CrCl2 1 
CuC12 3 
CuBr2 3 
Discussion 
The results of analysis of the transition metal chlorides 
o in methanol at 25 C, using LW equation Table 3.30, show that 
all of the salts are associated to form:-
K (1 ) 
A , 
\ 
MX+ ••••• (3.7) 
and some of them (Co,Ni,Cu and Zn) undergo a second association 
also to form 
MX+ + X ) MX2 •••••• (3.8) \ 
The pairwise association constants of these salts vary 
according to: ~m > Fe > Co ~ Ni < CU < Zn. 
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Table 3.30 Results of analysis of conductance data for the 
Transition Metal Salts in methanol at 25 0 C by 
using LW equation:-
Salt R/~ o 0 ). 2+ .. 1. + M . MX 
MnC1 2 17.0 2540 <1 .0 45.3 22. 1 0.076 
FeC12 11 .3 1700 < 1 .0 53.6 19.8 0.043 
COC1 2 3.0 840 30 43.4 23.4 0.055 
NiC1 2 7.0 980 20 55.3 33.8 0.037 
NiBr2 10.9 300 6 53.1 29.2 0.120 
CrC12 Insoluble in methanol 
CuC1 2 28.9 10940 200 13.3 30.3 0.046 
CuBr2 41.4 5850 < 1 .0 40.4 18.6 0.235 
ZnCl"2 4.8 2.1x10 4 1.2x104 58.5 40.0 0.090 
* from Ref. 17 e. 
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This can be explained by the following:-
The crystallographic radii of the cations (2+) are: 
Mn 
0.80 
Fe 
0.74 
Co 
0.72 
Ni 
0.70 
Cu 
0.72 
Zn 
0.74 ~ 
and the 2nd ionization potential increases from Mn(15.6V) + 
Cu(20.3V) decreasing to Zn(18.2V). The trend of the size 
of the bare cations is: Mn > Fe > Co > Ni < Cu < Zn 
therefore, we expect that the solvation ion radius will vary:-
Mn < Fe < Co < Ni. 
The charge density of the solvated ion is highest for Mn 
and decreases from Mn + Ni, hence we expect KA(}~C12) > 
KA (FeC1 2) > KA (CoC1 2) > KA (NiC1 2). Our results confirm that 
KA decreases from Mn + Co and is nearly the same for Co 
and Ni chlorides. 
Also the results show that KA increas'es from Ni + Zn: 
KA (NiC1 2 ) < KA (CuC1 2) < KA (ZnC1 2) because the bare cation 
size increases from Ni + Zn. The KA values of ZnC12 are 
the highest for these salts and show that it has more covalent 
character. 
Generally, the variation of KA values of the salts along 
the series are in agreement with the stability constants of 
these cations with the chloride anion in aqueous systems(2 
0.91 0.89 1.00 0.87 1.288 
- 103 -
According to Stokes's law, a particle of radius r cm 
moving through a homogeneous medium of viscosity n (absolute 
units) under the influence of a force F will maintain a velocity 
v, given by v = F/6 rrnr. When the definition of equivalent 
ionic conductance is introduced this becomes:-
-9 8.20x10 .z. 
1 
nr. 
1 ••••• (3. 19) 
and ionic mobility should be inversely proportional to the 
solvated ionic radius. This would suggest: 
> > 
Thus our results agree with the variation of KA ' but disagree 
o 0 
wi th that of \' along this series. The A Cu2+ value 
is odd, probably because CuCl2 
( 2+ -) Cu ltd 2CI in methanol. so va e 
measured CuBr2 in methanol; the 
is not stable as 
For comparison, we have 
A 0 2+ is still lower than Cu 
expected, but the KA value follows the previous trend. We 
have also measured NiBr2 in methanol; here 
not give exactly the same value for the chloride and bromide 
salts. 
The values of 
presumably because 
and hence is less mobile. 
are generally lower than those of 
MX+ is more solvated than M2+ 
The results of the distance parameter R show that only 
COCl2 and ZnCl2 form contact ion pairs, while the others 
form solvent separated ion pairs in methanol; the R values of 
CUCl2 and CuBr2 are very high. 
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The values of cr(A) give an indication of good 'best-fit' 
values. 
There have been no previous systematic conductivity studies 
of transition-metal halides in non-aqueous solvents although 
there have be~n several spectrophotometric studies of individual 
salts. 33 - 36 Janz and Marcinkowsky37 made a series of conducto-
metric and spectrophotometric measurements on solutions of 
cobalt(II) chloride and bromide in acetonitrile.(Table 3.31 ; 
the same authors~data for KI is included for comparison). To 
account for the anomalously low conductances, and their negative 
temperature coefficients (Table 3.31 ), a series of dissocia-
tion equilibria was proposed: 
K1 ) + CoX + X 
K2 
1l 
K3 (co2+2X-)~ , lIo \ 
) Co 2+ 
K4• Co 2+ 
+ 
+ 
-2X 
2-COX4 , X=CI or Br. 
• • • •• (3.20) 
The formation of an uncharged dimer is supported by the 
small change in conductance with concentration (Table 3.32) 
and by a decrease in A (CoCI 2) on addition of the common ion 
- Et 4NCY} Cl as 
Table 3.31 
Conductance data in ace toni tril~~; A . at tOC. equlv • 
Cx10 4 • • .·CoCI2• • • . ':. • • CoBr 2. • • 
• • • • • • • }cI •.•••• 
-1 OOC 25 0 C 25 0 C 350 C OOC 25
0 C 350 C ~e~uiv.l l 
-
1 .0 21 .40 18.87 31 .65 31 .05 142.3 182.8 200.3 
9.0 20.02 17.85 28.67 27.68 136.5 174.2 191 .0 
16.0 19.87 17.73 27.78 26.80 133.0 170.0 186.5 
100.0 19.05 17.60 25.25 24.61 116.2 148.5 162.0 
144.0 18.76 17.55 24.85 24.32 111 • 7 142. 1 154.5 
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Table 3.32 
---------- ·d A25OC/dc ----------
104C COCl 2 COBr2 KI 
1 .0 2300 5700 13000 
10.0 170 1300 4600 
100.0 10 79 1000 
The spectrophotometric measurements could be interpreted 
by the series of equilibria 
) C 2+ o + , ••••• (3.21) 
where the predominant anionic species in acetonitrile is the 
2-solvated COX4 • 
The C0 2+ is octahedrally coordinated by solvent molecules 
so that the probable structure of the uncharged dimer is 
[ ( ) 2+ 2-] 0 Co CH3CN 6 CoX4 • 
From the stereochemical arrangements predicted by Figgis and 
Nyholm38 , Janz and Marcinkowsky37 propose the structure: 
2-
x-----+----------- X "'~ ~Ci", 
I 
x x 
S=Solvent 
s 
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for the solvated anion, so that the equilibrium K should be 
4 
represented: 
+ 
K4 2 
;::=:::::::==!' C 0 ( C H 3 C N ) 6 + 
2-( + COX4 CH3CN)2 
••••• (3.22) 
Similar equilibria would be expected in methanol solutions 
of transition metal halides; the dielectric constants of methanol 
(32.62) and acetonitrile (36.0) are similar. However, the 
lower dipole moment of methanol (1.38D) compared to 3.37D 
for acetonitrile, may mean that the anion is less solvated. 
In conclusion, we feel that the behaviour of these transi-
tion-metal salts in other solvents should be studied further, 
using a variety of techniques, as well as conductance, before 
definite conclusions regarding the species present can be 
reached. 
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CHAPTER 4 
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• 
Analysis of data previously tabulated 
Section 1 Introduction 
The applicability of the Lee-Wheaton (L~) equation to a 
wide variety of solutes and solvents has been tested by the 
analysis of conductance data from other sources. Some examples 
for the uni-univalent solutes are given in Tables (4.1-4.7) and 
Tables (4.9, 4.10, 4. 12), which refer to the pure solvents: 
water, D20, methanol, ethanol, acetonitrile and acetone. In 
Table 4.11, the effect of addition of water to ethanol is 
illustrated. Table 4.8 records the data for methanol-aceto-
nitrile mixtures. 
Analysis of the conductance data by the same equation 
(LW) has also been tested for some uni-bivalent metal perchlo-
rates in acetonitrile and dimethyl sulfoxide (Tables 4.13-4.14). 
The equations used by the original workers, and referred 
to in the following tables, are listed here. 
Fuoss-Onsager equation 5 
A = A - SC~ + mlogC + (J-9)C o • • • • • • (4. 1 a) 
A = Ao - S(Cy)~ + EClogCy + (J-S)Cy - KAC/~f2 
(where ion association was detected) •••••• (4. 1b) 
Fuoss-Onsager equation in the form:-
A = A - sC~ + 
o 
EClogC + (J-BA )C 
o 
• • • • • • (4.2a) 
A = A - s(c )~ + EC logC + a y y y 2 (J - B 1\ 0 ) C-y - K A C y 1\ f 
•••••• (4.2b) 
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Shedlovsky equation:-
A = 
o 
A + S fa 
1 -a[c 
Kohlrausch equation:-
Fuoss-Onsager equation:-
= 
Shedlovsky equation?-
= 
Fuoss and Kraus equatioJ:-
A = y (A - a~) 
o 
and Fuoss equation:~9 
F/ A = + 
- Be 
Jc y -
( f = activity coefficient (-logf) = Ski) 
Fuoss-Onsager equation:-
A = !I. 0 - S Fi + Ec ylogc y + J.,CY 
2 KA c)'f A 
Fuoss-Onsager equation:-
+ 
= !I. 00 - S(c~)~ + ECalog(Ca) + Jca 
••••• (4.3) 
••••• (4.4) 
• • • •• ( 4 • 5 ) 
••••• (4.6) 
••••• (4.7a) 
• • • • • (4.7b) 
• • • • • (4.8) 
••••• (4.9) 
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h dl k ' tIt· t . 3 , 40 S e ovs y s ex rapo a lon equa lon:-
1/ AS = 1/ Ao ••••••• (4. 10) 
Fuoss Onsager equatioa~-
A - A - SC~ + E ClogC + JC where asso ciation 
o 
was negligible and 
I· 
A = Ao - S (Cy ) ~ + E C 10 gC y + J G,-
for associated electrolytes. 
Shedlovsky equation: 11 
, 
A = 
o 
••••••• (4. 11a) 
••••••• (4.11b) 
•••••••• (4.12) 
Table 4.1 Results of analysis of conductance data for Tetraalkyl- Results bl usin~ LW esuation~ CIl 
ammonium Halides in water at 250 C. (1) 0 
c+ 
Concentrat!on 
..,. 
Analysis 
R/i ;~ 0 aO <1 ( A) t'I Salt range x10 Ao KA by Ref. A· KA <1 Cl\ ) 
mOle/L. -0 eguation f\) 
• 
Me 4NCI 11.27-111.41 120.39 2.40 0.08 (4. 1 a) 42 + 
):-
Me 4NBr 2.91- 68.51 122.67 1.77 0.02 " 122.64 2.84 12.3 0.01207 
lj 
" 
P' j-J 
Me 4NI 5.84- 84.16 121.39 1 .41 0.03 " " 121.34 3.30 14.4 0.01731 m t-J. 
CD 
Et4NBr 6.08-100.26 110.44 1 .72 0.008 " " 110.47 2.09 5.5 0.00198 0 ~ 
Pr4NBr 2.98-105.23 101.40 1.86 0.02 " " 101.41 3.52 9.8 0.01742 ~ ~ (1) ~ 
100.26 (4.1b) m ~ Pr4NI 4.60- 85.13 2.1 2.70 0.007 " 100.27 4.94 8.7 0.00438 ~ 
c+ 
Bu4NCl 9.89- 69.09 95.59 3.60 0.04 (4.1a) " + 
m 
Bu4NBr 3.78- 76.56 97.50 2.21 0.02 " " 97.46 5.38 18.5 0.01246 
Bu4NI 3.79- 98.51 96.28 3.1 3.00 0.03 (4.1b) " 96.27 6.77 11 .9 0.02365 
Units:- -1 KA :mole 1., 2 -1 -1 ~ l\o:cm ohm equiv. ,R: • + Indicates that the LW equation 
does not give a satisfactory 
fit to the data (applies to all 
the tables). 
Table 4.2 Results of analysis of conductance data for 
some 1:1 salts in water at 25OC. Resul ts by us1ngLW ~~uat1on 
Concentra- Analysis 
tion range 
Ao by Ref. Ao KA R/~ a (A) Salt x104 
(equiv./L) equation 
KCl 0.33-32.83 149.82 (4.3) 43 149.89 2.68 18.0 0.06239 
NaCl 0.59- 38.78 126.42 It 
" 
126.43 2.16 15.4 0.05450 ~ ~ 
1'0 
KN0 3 0.70 - 36.72 144.92 " " + 
AgN0 3 0.28-29.25 133.32 " " + 
Table 4.3 Results of analysis of conductance data for Tetraalkyl- Resul ts by u§ing_LW~guationi· 
ammonium Halides in deuterium oxide (D20) at 25
OC. 
Concentration Analysis 
Salt range .:x 104 Ao KA a a ( A) 0 by Ref. Ao KA R/~ a( A) (M) equation 
Me 4NBr 8.61-120.78 101.27 1.64 0.010 (4.2a) 44 101.33 1.07 2.6 0.00427 
Et 4NBr 4.48- 91.91 91 .10 1 .60 0.010 
n 
" 
91 • 11 2.57 7.4 0.01257 
Pr4NBr 4.00- 91.25 83.50 1 .71 0.009 
n If 83.51 3.83 10.6 0.00771 
Bu4NBr 3.34- 75.86 80.29 1.94 0.009 " " 80.29 ·4.88 13.5 0.00745 
~ 
~ 
VJ 
Me 4NI 6.35-106.42 100.42 1 • 10 0.010 " " 100.45 1.92 4.6 0.00370 
Bu4NI 5.33- 85.41 79.42 4.0 3.80 0.010 (4.2b) " 79.43 6.84 10.4 0.01078 
Units:- -1 2 -1 . -1 , R: ~. KA: mole 1. , A : cm ohm equlv. 0 
Table 4.4 Results of analysis of conductance data for some 
1:1 salts in 0 methanol at 25 C. Results by using LW equation 
Concentration Analysis by Salt range Ao KA R/~ o(A) Ref. Ao 
x104 
equation 
LiCl 2.74·- 17 .94 90.90 (4.4) 45 91 .06 27.98 21.8 0.005 
NaCI 1 .48 - 18.71 96. 9~ " " 97.15 25.98 20.5 0.038 
KCl 1 .59 - 20.40 105.05 " " 105.03 26.05 14.0 0.020 
~ 
~ 
~ 
RbCl 2.12-17.01 108.65 " u 108.53 19. 11 3.9 0.045 
CsCl 1.62-16.43 113.60 " JI 113.44 25.41 7.3 0.022 
LiN03 1 .74 - 14.82 100.25 " 
If 100.25 14.81 4.9 0.009 
NaN°3 1.85 -17.39 106.45 " 
.. 106.16 35.24 15.8 0.Oj9 
KBr 1.46 - 18.38 109.35 " u 109.30 24.39 15.3 0.024 
KI 1 .26 - 13.87 114.85 " II 114.69 32.00 31.7 0.027 
Conc: gm-equiv./L, 2 -1 -1 -1 R: ~ • Units:- A : cm ohm equiv. , KA: mole 1, 0 
'Table 4.5 Results of analysis of conductance data in 
0 
methanol at 25 C. Results bl using LW eguation 
Concentra- Analysis 
Salt tion range Ao KA by Ref. flo KA R/~ ~(A ) 
x10 4 equation 
Sodium picrate 4.23-21.01 92.03 0 (4. 1b) 46 92.08 27.25 13.9 0.00112 
Potassium picrate 4.47- 2?13 99.22 15.4 " u 99.28 32.25 8.2 0.00242 
Tetra-n-butyl-
ammonium picrate 4.15-20.66 86.08 8.8 " /I 86.12 33.78 12.6 0.00788 -l. 
-l. 
Vl 
Triisoamyl-n-butyl-
ammonium picrate 3.59-17.62 83.71 9.7 " " 83.74 35.45 13.8 0.00405 
Triisoamyl-n-butyl-
ammonium tetra-
phenylboride 2.12-10.52 73.21 21 .5 " If 73.23 47.71 13.4 0.00183 
Triisoamly-n-butyl-
ammonium iodide 4.36-21.52 99.39 17.0 " .. 99.43 32.18 7.9 0.00870 
t 
ITable 4.6 Results of analysis of conductance data for Quaternary 
o 
ammonium salts and some 1:1 salts in methanol at 25 C. 
Concentra- A K K 
Salt tion range 0 A A , " 4 by by by Ref ~~~~iV./L eqn.(4.7) eqn.(4.6) eqn.(4.7) • 
Tetramethylammo- 0.67-23.78 
nium picrate 
Tetraethylammo- 0.94- 59.55 
nium picrate 
Tetra-n-propyl- 0.77- 12.77 
ammonium picrate 
Tetra-n-butyl- 1.35- 42.72 
ammonium picrate 
Tetraisoamyl- 0.63- 8.67 
ammonium picrate 
n-octadecyltri- 1.40- 14.60 
methylammonium 
picrate 
Potassium picrate 0.92- 26.93 
Tri-n-butyl- 0.85- 11.92 
ammonium picrate 
KCl 
NaCl 
0.77- 40.73 
0.43- 39.93 
115.94 
107.43 
93.09 
86.10 
82.52 
82.13 
99.31 
89.00 
104.93 
97.25 
29.41 
26.36 
26.36 
26.36 
25.64 
43.48 
27.78 
40.00 
14.71 
12.05 
21.74 
20.00 
18.18 
17.24 
17.86 
" 
35.71 
20.83 
31.75 
8.26 
4.55 
25 
I, 
/I 
" 
" 
If 
" I, 
u 
If 
Results by using LW equation 
A 
o 
K-
A R/~ a (A) 
115.96 '~26.01 6.4 0.0131 
107.47 24.76 5.5 0.0180 
93.14 22.52 4.1 0.0031 
86.13 30.80 9.1 0.0114 
82.56 38.66 14.4 0.0049 
82.11 32.30 3.5 0.0063 
99.72 28.75 2.0 0.1718 
89.03 41.61 8.0 0.0092 
105.03 
97.30 
19.84 9.1 0.0220 
17.15 9.5 0.0114 
-" 
-" 
0\ 
Table 4.7 Results of analysis of conductance data for Tetraalkyl-
ammonium Perchlorate in methanol and acetonitrile at 25 0 C. 
Salt 
,lMe4NCl04 
,lEt NCIO 4 4 
* 
Concentration 
range 
x104 
3.31- 20.94 
1.94- 20.54 
A 
o 
139.47 
131.24 
Me 4NCl0 4 2.84- 23.27 198.07 
* Hex4NCl0 4 2.84- 25.93 154.39 
KA 
59.85 
53.12 
a/~ 
3.0 
3. 1 
cr( A) 
0.020 
0.040 
20.93 4.3 0.010 
10.89 6.9 0.020 
• 
Analysis 
by 
equation 
(4.8) 
" 
" 
" 
I- In methanol ;. * In acetonitrile; • cr(A) = (cr/Ao )x100. 
. 2 -1 -1 . -3 3-1 Un~ts:- Ao: em ohm equiv. ,C: equ~v.dm ,KA: dm mol. 
Ref. 
47., 
II 
It 
II 
Results by using LW equation 
A 
o 
139.58 
131.37 
KA 
55.89 
47.03 
R/~ 
5.4 
3.4 
cr (A) 
0.01979 
0.03490 
198.16 19.29 6.6 0.00463 
154.34 12.34 10.5 0.00821 
~ 
-" 
-.J 
Table 4.8 Results of analysis of conductance data for Tetraalkyl-
ammonium Perchlorates in (methanol+acetonitrile) at 250 C. Results by using LW ~quation 
Mole Concentra- Jg/~ (cr / 11.0 ) Analysis Salt % tion range A KA by Ref. 11.0 KA R/~ cr <A ) 
Xl04 
0 
x100 equation methanol 
Me 4NClO 1 65.87 2.89-18.83 187.52 28.24 4.1 0.010 (4.8) 48 187.50 29.89 11 .2 0.019 
74.24 3.91-21.09 177.89 30.60 4.0 0.010 " 11 178.01 27.15 5.6 0.014 
91.69 3.33-19.17 163.00 36.92 3.7 0.010 " 
\1 163.06 35.06 7.5 0.015 
Et4NClO 4 74.24 4.67-21.93 166.46 24.20 4.8 0.010 " " 166.63 19.94 4.7 0.013 ~ 
78.67 6.86-23.60 161.30 26.62 4.5 0.010 tI If 161.52 22.38 4.5 0.005 ~ 
en 
85.88 9.65-25.35 151.93 30.52 4.2 0.030 " " 152.40 25.50 2.7 0.024 
91.88 6.69-26.25 144.15 36.95 3.7 0.005 " " 144.25 34.61 6.8 0.003 
,Bu4NClO 4 74.24 4.59-21.17 141.44 21.46 5.3 0.005 " 
II 141.48 21.49 9.0 0.006 
78.65 5.21-24.68 136.94 23.94 4.9 0.002 " " 136.99 23.32 8.4 0.001 - , 
85.88 3.33-19.46 128.37 29.22 4.3 0.030 " 
\I 128.41 28.80 8.7 0.035 
91.88 2.59-19.11 120.46 35.68 3.9 0.010 " 
II 120.53 33.17 6.7 0.004 
HeX 4NClO 4 78.30 2.62-22.10 127.95 22.33 5.2 0.010 " 
II 128.01 21.54 8. 1 0.008 
85.88 2.56-22.88 119.95 27.92 4.5 0.003 " " 119.99 27.67 8.8 0.001 
88.64 2.95-26.21 116.69 30.92 4.2 0.010 " II 116.71 31.49 9.8 0.005 
92.02 3.16-28.83 112.73 35.56 3.9 0.007 " 1/ 112.75 35.46 9.2 0.006 
Units:- 2 -1 .-1 Ao: em ohm equlv. . -3 3-1 , C: equlv.dm , KA: dm mol. 
Table 4.9 Results of analysis of conductance data for 1:1 Halides 
in methanol and ethanol at 25 OC. Results by using_LW equation 
Concentration Analysis 
Salt range A KA R/~ a ( A) by Ref. A KA R/~ a( A) 
x104 0 equation 0 
I 
r-i NaI 1.67-40.77 108.38 2.2 4.3 0.084 (4.9) 49 108.51 12.8 6.0 0.053 0 
~ 
ro KI 1.12-40.39 115.43 2.3 4.0 0.053 " " 115.51 13.2 5.5 0.053 ..c: ~ 
Q) 
S RbI 1.71-41.44 119.60 6.0 4.0 0.072 " 
I, 119.68 18.0 6.5 0.050 
~ ~ 
H CsI 1.56-39.08 124.12 9.4 3.8 0.093 " u 124.22 23.1 7.7 0.041 ~ I \..0 
I 2.18-48.56 47.43 8.5 3.9 0.09 (4.9) 49 47.57 55.8 9.1 0.009 r-i NaI 
0 § KI 1 .93-40. 16 50.64 39.1 4.2 0.07 " II 50.70 81.9 9.1 0.008 ..c: 
~ 
Q) RbI 1.06-47.64 52.08 63.6 4.2 0.08 " " 52.18 105.4 8.6 0.012 ~ 
H 
I CsI 0.98-38.95 53.60 98.9 4.2 0.08 " ,. 53.63 140.5 10.3 0.030 
r-i 
0 LiCl 1.0-20.0 38.90 55.71 (4.10) 50 38.95 77.78 14.6 0.011 § 
..c: NaCl 1.0-20.0 42.16 80.00 " " 42.17 100.99 17.0 0.014 ~ Q) 
~ KCl 1.0-20.0 45.40 125.79 " " 45.43 138.6513.0 0.011 H 
Units:- 2 -1 -1 'b: em 0 hm rno 1 . -1 ; KA! M. 
Table 4.10 Results of analysis of conductance data for Tetraalkyl-
ammonium salts in ethanol at 25 OC. Results by using LW equation 
Concentration Analysis 
0 R/~ Salt range Ao ~ a,A OA by Ref. Ao KA o( A) 
x 104 
a equation 
Me 4NCI 3.30-56.30 51.67 122 4.2 0.05 (4.2b) 51 51.83 168.46 8.3 0.0383 
Bu4NCI 2.06-42.39 41.54 39 4.4 0.04 " 
II 41.63 82.74 8.1 0.2919 
Me 4NBr 5.32-35.94 53.56 146 4.1 0.03 " 
H 53.72 194.64 9.8 0.0133 
Et4NBr 3.91-39.40 53.15 99 4.5 0.02 " 
I, 53.30 138.94 7.8 0.0028 ~ 
N 
Pr4NBr 4.32-40.24 46.86 78 4.3 0.02 " 
II 47.01 124.25 8.7 0.0043 0 
Bu4NBr 4.77-45.98 43.51 75 4.3 0.03 " 
II 43.69 122.18 8.0 0.0070 
Et4NI 3.84-39.96 56.34 133 4.6 0.02 " • 56.49 171.01 7.9 0.0034 
Pr4NI 4.84-48.08 49.94 120 4. 1 0.02 " 
I, 50.14 169.94 9.0 0.0026 
Bu4NI 4.60-43.72 46.65 123 4.0 0.02 " " 46.81 176.16 10.2 0.0050 
i-Am3BuNI 4.02-37.92 45.31 130 4.0 0.01 " • 45.43 182.91 10.9 0.0021 
He 4NI 3.35-31.12 41.93 139 4.3 0.01 " 
II 42.02 186.81 10.8 0.0030 
Units:- C in mole/L. 
Table 4.11 Results of analysis of conductance data for KCl 
and CsCl in ethanol-water at 250 C. Results by_usj.ng_LW equation 
Mole % Concentration 0 Analysis R/~ Salt range Ao KA aJ by Ref. Ao KA C1 (A ) ethanol 
x10 4 equation 
KC~ 37.23 12.65-105.03 46.77 3.0 2.99 (4.11) 52 46.81 7.34 3.9 0.0026 
59.97 15.64- 91.85 44.05 11 .6 3.03 " II 44.21 28.97 5.9 0.0051 
74.01 13.04- 74.54 44.59 23.5 3.25 " 'I 44.80 53.06 7.2 0.0036 
~ 
I\) 
~ 
Csel r 52.56 8.49- 69.93 44.85 18.0 3.53 " " 44.90 26.88 5. 1 0.0005 
67.80 7.56- 63.43 44.90 38.5 3.58 " Jt 44.99 57.89 6.7 0.0038 
80.32 6.93-56.38 45.99 68.0 3.72 " 
" 
46.16 99.63 7.9 0.0026 
84.35 7.09-58.25 46.39 80.0 3.76 " I, 46.57 116.40 8.1 0.0029 
100.00 9.53-38.44 48.33 158. 1 4.20 " " 48.58 210.59 9. 1 0.0039 
Table 4.12 Results of analysis of conductance data for lithium 
and tetra-n-butylammonium salts in acetone at 250 0. Results by using LW_~quation 
Concentration Ion- Analysis 
Sal t range A KA 
pair by Ref. 
KA R/~ a C\ ) 
x10 4 0 radius Equation flo 
(R) 
LiCI 0.13 - 8.13 214-.0 303030.30 21.7 (4.10) 53 + 
LiBr 0.03 -16.02 194.0 4566.21 3.25 " " 194.75 4064.02 10.8 0.0431 
LiI 0.08 -10.47 195.0 144.72 5.50 " " 195.47 152.29 12.0 0.0143 ~ 
N 
LiPi 0.35 -20.92 158.1 970.87 (4.7b) 54 157.83 1002.86 49.4 0.094 N 
NaPi 0.54 -21.99 163.7 740.74 " " 163.87 759.95 12.2 0.031 
KPi 0.28 -23.14 165.9 291.55 t1 " 166.36 317.40 11 .7 0.019 
Bu4NCl 0.14 -16.55 188.0 602.41 (4.10) 53 184.60 539.67 8.4 0.019 
Bu4NBr 0.33 -21.48 183.0 303.95 (4.7b) 54 183.44 325.76 11 • 1 0.071 
Bu4NI 0.31 ·-25.98 179.4 154.32 
t1 
" 180.21 183.23 9.7 0.186 
Units:- 2 -1 1\ : cm ohm equiv. -1 -1 , C: mole.l. ' 
Table 4.13 
Salt 
CU(CI0 4)2' 
Ni(CI0 4)2' 
zn(CI0 4)2' 
CO(C10 4)2' 
Cd (CIO 4) 2' 
Mn(C10 4)2 
Mg(C10 4) 2 
Results of analysis of conductance data for some 
Bivalent metal Perchlorates in acetonitrile at 25°C. 
Concentra- Analysis 
:\0 tion Ref. by A If 
° 
. mmol/L. equation 
1 .0 - 80.0 55,56 (4.12) 198.5 95.1 
1 .0 - 80.0 " " 
Results by using LW equation-
K1 ° :\0 R/i :\~+ MX cr ( A) A 
190 104.6 79.1 8.6 0.95455 
->. 
N 
VJ 
260 106.0 79.0 5.2 0.80967 
• Max. conen. taken = 20mmol/L 
Units:- ° 2 -1 -1 A cm ohm equiv. 
Table 4.14 Results of analysis of conductance data for 
Divalent Transition metal Perchlorates in 
dimethyl sulfoxide at 250 C. 
Concentra- Analysis 
Salt tion x103 by 
mol.dcm-3 equation 
AO ° AM2+ Ret. 
Mn(CI0 4)2' 1 .0 - 90.0 (4.12) 43.6 18.4 57 
CO(CI0 4)2' 
Ni (CIO 4) 2' 
Cu(CIO 4) 2' 
Zn(CI0 4)2 
Units:- -1 -1 2 AO ohm equiv. cm. 
Results by using LW eguation 
1 
KA 
19.0 
AO 2+ 
M 
17.8 
AO MX+ 
19.0 \ 
R/~ 
10.1 
cr (A) 
0.16384 
~ 
I\J 
..po 
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Section 3 Discussion 
The symmetrical tetraalkylammonium ions have long been used 
as good examples of spherical ions having a large variation in 
size. A number of systematic investigations of the properties 
of these electrolytes in aqueous solutions have indicated that 
the interaction of water with the hydrocarbon portion of the 
electrolyte is of considerable"importance. Table 4.1 shows the 
data for some tetraalkylammonium halides in water obtained by 
Evans and Kay12 The same table shows our analysis for the 
same data by using LW equation. Our analysis shows that the 
values obtained for the limiting conductances of these salts 
are in good agreement with the values obtained by the authors1 2 
showing that as the hydrocarbon portion of the electrolyte 
increases in length, water structure enforcement about these 
chains decreases the ionic mobility. 
Our analysis shows that the R values are irregular, but 
indicate the formation of stable solvent separated ion pairs as:-
o - H ----- X 
I 
H 
and even a considerable stability as:-
H 
o - H 
I 
H 
I 
-----0 
- H ----- -X 
The K values obtained show that ion-association takes place 
a 
as follows:-
+ -R N ----H o----x 4 2 
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, 
, + -R N ----X 4 •••••• (4. 13) 
Here the pairs of both type either SSIP or eIP are non-conducting, 
so they cannot be distinguished by conductivity methods. 
. K = 
.• A 
+ - - + -{R4N---X } + {R4N ---H20---X } 
{R4N+{H20)n}- {X-{H20)m} 
= 
•••••• 
therefore the magnitude of KA will depend upon the stability 
M+ ---X:- (refer to p. 46) • of both + -M ---H20---X and 
Table 4.2 shows the analysis of the data obtained by 
Shedlovsky43 for some 1:1 salts in water by using an 
extension of the Onsager equation. Also, it shows our analysis 
by using LW equation. From the same table, the limiting 
conductances show good agreement with the 2..uthor's43 results 
but the R values obtained are in reverse sequence to that 
expected,increasing as cation size increases. The same order 
is obtained for the KA values, and is probably due to the non 
precise data obtained by the authors. 
Again, Kay and Evans44 have measured the conductivity 
of some tetraalkylammonium halides in pure deuterium oxide 
(D20) where an increase in the strength of the hydrogen 
bonding as compared to H20 solutions has been noticed. In 
Table 4.3, our analysis of the data by LW equation spows that the 
+ + R value increases as we move from Me 4N to Bu4N indicating 
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that with Me 4NBr and Me 4Nl only the contact ion pair exists, 
whilst for the other salts the solvent separated ion pair 
has considerable stability. 
The authors 44 found that only the Bu4Nl is associated 
while our results show that there is a significa~i amount 
of association with the other salts. 
Frazer and Hartley45 measured the conductivity of some 
1:1 salts in methanol at 25 0 C. Their results together with 
our analysis of the data are shown in Table 4.4. Our analysis 
shows that R values for the metal chlorides decrease as cation 
size increases (except for RbCI): Li +, > Na + > K+ > Rb + > Cs + 
in the sequence from the small and highly polarising Li+ ion 
to + the larger.. C s which has less ability to polarize the 
surrounding solvent molecules. All the salts form 881P, 
except RbCI which forms CIP. The KA values are in the range 
of 20-30 showing no relation to R values and this is probably 
because the data are not precise. Our analysis shows that 
the R values of the potassium halides increase in the series 
KCI < KBr < Kl in opposite trend to the size of the cations, 
the R increasing with increasing anion size. 
The conductances of alkali nitrates will be considered 
later (p. 201 ). 
Coplan and Fuoss 46 reported the results for some picrates 
in methanol at 25 0 C (Table 4.5). Our results for the same 
data (by using LW equation) show a good agreement for A 
o 
of the salts studied. 6ur KA values show that sodium picrate 
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associates to a considerable amount and for the other salts 
show relative agreement with the author's46 results. Also, 
the values obtained for (J ( A J are even smaller than usual. 
The most reliable data in methanol was previously ob-
tained by Evers and Knox25 for a number of quaternary ammonium 
picrates and other 1:1 salts (Table 4.6). Our analysis shows 
that KA decrease with increasing cation size from methyl- to 
n-propyl-, indicating that increasing size of the cation 
decreases the co~aleney, and then KA increases from n-butyl- to 
isoamyl-. Substitution of a butyl group by hydrogen in the 
symmetrical tetrabutylammonium salt increases KA due to bonding 
of methanol with the hydrogen of the cation. This behaviour 
parallels that found in pyridine58 as a basic solvent. In 
a non-basic solvent, such as nitrobenzene58 , where there is 
no opportunity for such bonding, the presence of hydrogen on 
the cation results in a very marked enhancement of ion-pair 
formation with decrease of KA• 
As the size of the cation increases, the R value decreases 
showing less ability to polarize the solvent. 
Results of potassium picrate and tetra-n-butyl-ammonium 
d . 1- 46 picrate are in good agreement with those foun prev10us y 
except that the R values are lower for both of the two salts. 
The KA values for NaCI and KCl are almost the same. 
Comparing the results for NaCI and KCI in methanol of Frazer 
and Hartley45 with those of Evers and Knox25 , only the ~o 
values are in good agreement. Both of NaCl and KCl show the 
the formation of SSIP in methanol. 
- 129 -
Table 4.7 shows the analysis of the conductance data 
of D'Aprano et a147 on tetraalkylammonium perchlorates in 
methanol and acetonitrile at 250 C. They had chosen methanol 
and acetonitrile because of their different solvating properties. 
In this dielectric constant range, the coulombic association 
described by the equation:-
47TN~3 e2 K = exp ----
A 3000 RkDT • • • • • • (4.15 ) 
is relatively insensitive to ion size, and the authorJ7 
expanded the electrostatic association term given in equation 
(4. 15) to obtain 
03 e2 47TNa exp 1 ( 
3000 k ~ = 
E 
s 
T 
+ l1 S ) 
E 
s 
is the (-ve) interactional energy of the 
•••••• (4.16) 
solvent with the 
ions and l1 S is the (-ve) entropy change due to this interaction. 
Quantitatively, they explained the observed association be-
haviour by assuming that the Gilkerson term (exp( - E /~T» 
s 
increases KA as ion-solvent interaction increases, while 
the entropy term (exp l1S/k) shows the opposite trend. 
In pure methanol, where the presence of both acidic and 
basic groups allows anion and cation solvation, the results 
of the authors and our own analyses show the predominance of 
the Gilkerson term over the entropic term as the ion size 
decreases. In acetonitrile, where the structural characteristics 
of both perchlorate ion and solvent prevent anion solvation, the 
opposite behaviour is observed, where the cation is sufficiently 
large to inhibit ion-solvent interactions. 
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Thus the same salt has a different extent of association 
in these quasi-isodielectric solvents and salts of different 
cation size have different degrees of association in the 
same solvent. 
The same authors 48 studied the association behaviour 
of some quaternary ammonium perchlorates in acetonitrile-
methanol mixtures (Table 4.8). They found that the dependencies 
of association and mobility on solvent composition are the 
result of specific short-range ion-solvent interactions, and 
depend mainly upon cation size. 
By adding acetonitrile to a methanolic solution of a 
salt in which only the anion can be solvated by the protic 
solvent, we would expect a decrease of the extent of associa-
tion. If, on the other hand, only cation solvation (by the 
protic solvent) occurs we would expect an increase in as-
sociation. When both cation and anion can be solvated they 
will exhibit compensating effects. The effect observed is 
that related to anion solvation for the salts studied. 
In a recent paper59 we have re-analysed the conductance 
data for alkali metal iodides in methanol ~nd in ethanol49 , 
in 1-propanol60 , and the data of P.Beronius in 1-butanol61 
and 1_octanol~2,63 
Table 4.9 shows the results in methanol and in ethanol 
49 I . b . obtained by P.Beronius et al ,and our ana YSlS y uSlng 
LW equation. Our KA values increase with increasing cation 
size NaI < KI <RbI <Csl and suggest the formation of solvent-
separated ion-pairs. The R values obtained correspond more 
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closely to the Bjerrum distance 24 * ( q=8.6 in methanol and 
11.5 in ethanol) than those obtained by the authors~9 
The values of a (h) obtained by using LW equation are again 
very small. 
The same table shows the results of the analysis of LiCI, 
NaCI and KCI determined by Graham et al50 together with our 
analysis of the data. Generally, the same conclusion is reached 
as for the other salts, that the salt with the smallest 
crystallographic and consequently the largest solvated cation 
radius shows the smallest tendency toward ion-pair formation. 
Conductance measurements were reported51 for some 
tetraalkylammonium salts in ethanol at 250 C. Table 4.10 shows 
the author's results together with our analysis. 
Our results show that the KA values for the salts are 
much higher than those obtained for the same salts in water42 
as would be expected in a medium of lower dielectric constant. 
Also, KA decreases in the order: (Me 4NBr) > (Et4NBr) > (Pr4NBr) 
> (Bu4NBr). However, KA shows the following trend as anion 
size increases: (Bu4NCI) < (Bu4NBr) < (Bu4NI), indicating 
that the association constant changes as expected with the 
relative size of the cation and increases with increasing size 
of the .. &lion. 
Generally, the R values vary in the same way as the KA 
values. 
52 Hawes and Kay investigated the conductivity results 
for KCI and CsCI in ethanol-water mixtures of different 
composition (Table 4.11). They used the equation 
* q= Iz+z_le2/2 kT 
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•••••• (4.17) 
where K~ represents all contributions to association except 
the long-range electrostatic interaction (the exponential 
term); ~ is the sum of the crystallographic ionic radii. 
CsCI, in spite of its greater size, is more associated 
than KCI in ethanol-water mixtures; this is attributeJ 2 -to-the 
higher solvation energy of the potassium ion as compared to 
that for caesium ion which accounts for the lower K~ and 
lower association of KCI (for KCI K~=O.049, KA=3-24 , for 
CsCI o KA=O.204, KA=18-158). 
Our results in Table 4.11 show that both KCI and Csel 
are considerably associated in these solvent mixtures. 
Association increases with increasing mole % of ethanol for 
both salts, forming more solvent-separated ion-pairs, the 
small a~ - values obtained by Hawes and Kay suggested only 
contact ion-pairs present. 
The conductances of a number of lithium and tetraalkyl-
ammonium salts53 ,54 were measured in anhydrous acetone 
and the results of the analysis of the data are shown in 
Table 4.12 together with our results. 
Evans and Gardam 51 had pointed out that acetone is a 
'normal' solvent, in the sense that the association constants 
for electrolytes increase with decreasing ionic size. As the 
size of cation and anion increases, it is reasonable to 
anticipate that specific interaction with the solvent will 
become less important and that the ionic association should 
be a function of the dielectric constant only. 
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Our results show that the association constants and R 
values both show the order LiBr > Li1, LiPi> NaPi > !CPi, 
and Bu4NCI > Bu4NBr > Bu4N1, in agreement with the idea of 
acetone as a 'normal' solvent. 
Turning to the results for bivalent metal perchlorates in 
acetoni trile, 
Lib~s and strzelecki55 determined the equivalent conduc-
and Zn(CI04 )2 in acetonitrile 
in the concentration range O.001M up to O.1M. The authors 
found the limiting equivalent conductances for the three salts 
to be 198.5~O.2ohm-1equiv:1cm2; they55 calculated the common 
o ( -1 -1 2 
value of A 2+ M=Ni,Cu,Zn) as 95.1+0.2ohm equiv. em ,if 
M -1 1 2 
the value of 103.8ohm equiv: cm is as'surned for the limiting 
equivalent conductance of the perchlorate anion in this solvent. 
The authors concluded that not only the mobilities but also 
the degrees of outer-sphere association are equal in equally 
concentrated solutions containing complex electrolytes of 
similar stoichiometry and structures. 
Later on, the same authors 56 published the data for the 
salts which have already been mentioned, besides data for 
divalent perchlorates which are shown in Table 4.13. The 
authors determined the equivalent conductances of Mg(Cl0 4)2' 
Mn(CI0 4)2 ,CO(Cl0 4 )2 and Cd(CI0 4)2 in acetonitrile; they 
found that all of the salts except Mg(CI0 4)2 have very 
similar A values, at any given concentration, to the corres-
ponding values common to Ni(CI04)2 ' Cu(CI0 4)2 and zn(Cl0 4)2' 
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as found previously.55 The coincidence of the equivalent 
conductances of the six metal perchlorates is ascribed to the 
existence of the corresponding cations in the form t ML612+ 
complex cation (L=acetonitrile); the mobilities, as well as 
the degree of association with the non-co-ordinately bonded 
perchlorate anions, are independent of the nature of the central 
metal atom. The lower values of the equivalent conductances 
of Mg(C10 4)2 are probably due to the formation of perchlorate 
complex:-
+ c 
, 
Our analysis shows that Mg(C10 4)2 associates more than 
106.0 while for the other metal perchlorates and > .. 0 is 
. 2+ Mg o the other salts ~ is 104.6. 2+ 
. 57 Libus and Pilarczyk found the divalent metal perchlo-
rate in dimethyl sulfoxide (DMSO) solution show the same 
behaviour as in acetonitrile: 5 ,56 Their results show that 
2+1 -all the salts (Table 4.14) exist in solution as [ML6 .2CI0 4 
coordination form (L=DMSO), and the limiting mobilities of 
the complex cations appear to be independent of the nature 
of the central metal atom. 
Our analysis shows that the mobilities of the ions in 
DMSO solution are less than in acetonitrile. The salts asso-
ciate to a considerable extent and the R value shows that the 
ions are associated as SSIP's. 
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CHAPTER 5 
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Mixed Electrolyte Solutions 
The two mixtures chosen for study were: 
Mixture (A): BaC12 + KBr in methanol at 250 C. 
Mixture (B): SrCl2 + NaN03 in methanol at 25
0 C. 
Section 1~ Experimental Procedure 
The same technique and experimental procedure were used 
for both mixtures (as discussed before for 1:1 and 2:1 
salts) in measuring the conductivity of the mixed electrolyte 
solutions. A certain amount of concentrated KBr or (NaN03) 
solution was injected into the conductivity cell containing 
a known amount of the solvent. After passing the nitrogen 
gas for several minutes and measuring the conductivity of 
this solution, small increments of BaCl2 or (SrCI2) solution 
were added (generally 12 additions) and the conductivity of 
the mixed solution was measured each time. The following 
tables show the stoichiometric concentrations of the two 
mixed-electrolyte solutio~, and the equivalent conductances 
determined experimentally. 
Mixture (A): 
Experiment (a): 
(1) 1.414898 
(2) 2.917938 
(3) 4.421032 
(4) 5.940417 
(5) 7.392391 
( 6) 8.827586 
(7) 10.21423 
(8) 11.61772 
(9) 12.89059 
(10).14.23012 
( 11 ) 15.57538 
(12) 16.76672 
Cone: mole -1 1 , 
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Table 5.1 
Cone. of KBrx1c1 
1 .474273 
1.463171 
1.452070 
1 .440851 
1.430133 
1 .419540 
1 .409309 
1.398954 
1.389566 
1.379688 
1.369769 
1.360988 
L 
2 -1 . -1 
• em ohm equl.v • 
equiv. • 
L . equl.v. 
93.973 
89.911 
86.527 
83.731 
81.359 
79.244 
77.433 
75.816 
74.446 
73.122 
71.898 
70.929 
Experiment (b): 
~. 4 
Cone. of BaC12x10 
(1 )~ 1 .448005 
(2) 2.929548 
(3) 4.391879 
(4) 5.839859 
(5) 7.265397 
(6) 8.663137 
(7) 10.05713 
(8) 11.45823 
(9) 12.81105 
(10 ) 14.20248 
( 11 ) 15.48607 
(12) 16.78594 
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Table 5.2 
Cone. of KBrx103 
1.151509 
1.142958 
1.134519 
1.126163 
1.117937 
1.109872 
1.101829 
1.093745 
1 .085941 
1.077915 
1 .070511 
·1.063014 
L . equ~v. 
94.345 
89.966 
86.542 
83.834 
81.261 
79. 177 
77.278 
75.539 
74.123 
72.719 
71.544 
70.485 
Experiment (c): 
Cone. ~:-o f ~aC12x104 
( 1 ) 1 .554004 
(2) 3.078837 
(3) 4.508754 
(4) 6.043950 
(5) 7.542422 
(6) 8.975899 
(7) 10.43924 
(8)11.90498 
( 9) 1 3 • 29092 
( 10) 14.63685 
( 11 ) 15.93895 
(12) 17.26723 
(13) 18.52912 
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Table 5.3 
Cone. of KBrx103 
2.224829 
2.207817 
2.191866 
2.174743 
2.158031 
2.142046 
2. 125730 
2.109390 
2.093941 
2.078940 
2.064429 
2.049628 
2.035568 
L . 
equlv. 
91.647 
88.611 
86.043 
83.621 
81 .443 
79.554 
77.857 
76.260 
74.892 
73.595 
72.537 
71 .385 
70.406 
Experiment (d): 
(1 ) 1.517290 
(2) 2.953879 
(3) 4.409196 
(4) 5.799193 
(5) 7.241496 
(6) -8.630681 
(7) 10.03758 
(8) 11.36676 
(9) 12.67619 
(10 ) 13.99696--
( 11 ) 15.29963 
(12) 16.58916 
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Table 5.4 
Cone. of KBrx103 
3.634868 
3.608687 
3.582169 
3.556844 
3.530569 
3.505265 
3.479641 
3.455436 
3.431594 
3.407547 
3.383833 
3.360361 
L equlv. 
89.024 
86.985 
85.017 
83.267 
81.555 
80 .104 
78.614 
77.394 
76.165 
75.055 
73.994 
72.954 
Experiment (e): 
(1 ) 1 .398511 
(2) 2.741374 
(3) 4.114742 
(4) . 5.435473 
(5) 6.797972 
(6) 8.148273 
(7) 9.455321 
(8) 10.76259 
(9) 12.05434 
(10 ) 13.31583 
( 11 ) 14.56419 
(12) 15.80359 
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Table 5.5 
Cone. of KBrx103 
5.048893 
5.014103 
4.978528 
4.944323 
4.909041 
4.874082 
4.840248 
4.806413 
4.772986 
' 4.740347 
4.708053 
4.675995 
L . 
equlv. 
87.009 
85.525 
84.083 
82.703 
81 .404 
80.107 
78.933 
77.813 
76.760 
75.743 
74.827 
73.918 
Experiment (f): 
(1 ) 1.400215 
(2) 2.749788 
(3) 4. 170141 
( 4) 5.446075 
(5) 6.810924 
(6) 8.173020 
(7) 9.446250 
(8) 10.74988 
(9) 11.97886 
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Table 5.6 
Cone. of KBrx103 
6.312631 
6.268918 
6.222923 
6.181616 
6.137438 
6.093359 
6.052167 
6.009998 
5.970255 
L . 
equlv. 
84.301 
83.019 
81.768 
80.656 
79.562 
78.419 
77.428 
76.469 
75.573 
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Mixture (B): SrC1 2 + NaN0 3 
Table 5.7 
Experiment (g): 
(1 ) 1.631013 1.369732 
(2) 3.180593 1.359902 
(3) 4.730535 1.350072 
(4) 6.254734 1.340407 
(5) 7.728550 1.331064 
( 6) 9.242865 1.321466 
(7) 10.69795 1.312246 
( 8) 1 2 • 2 1 865 1.302612 
(9) 13. 73684 1.292996 
( 10) 15. 19915 1 .283736 
( 11 ) 1 6 • 68367 1.274336 
. (12) 18.07868 1.265506 
L . 
equl v. 
84.619 
77.951 
73.257 
69.989 
67.644 
65.681 
64.351 
63.314 
62.435 
61.636 
61 .027 
60.501 
Experiment (h).: 
(1) 1 .649040 
(2) 3.280611 
(3) 4.976758 
(4) 6.567814 
(5) 8.158490 
(6) 9.724443 
(7)11.25337 
(8)12.81963 
(9)14.32488 
( 1 0) 1 5 • 78452 
(11)17.25587 
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Table 5.8 
6.872702 
6.820765 
6.766786 
6.716164 
6.665566 
6.615767 
6.567156 
6.517369 
6.469533 
6.423157 
6.376419 
L . 
equl.v. 
82.604 
75.183 
71.379 
69.520 
68.003 
67.062 
66.355 
65.536 
64.929 
64.347 
63.811 
Experiment (i): 
(1 ) 1.673682 
(2) 3.337898 
(3) 5.022384 
(4) 6.637014 
(5) 8.186124 
(6) 9.729387 
(7)11.21037 
(8)12.73073 
(9)14.21554 
(10)15.66689 
(11)17.08233 
(12)18.47627 
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Table 5.9 
2.773431 
2.752052 
2.730418 
2.709689 
2.689806 
2.670004 
2.651007 
2.631508 
2.612472 
2.593869 
2.575732 
2.557875 
L . 
equloV. 
83.560 
78.722 
74.698 
71.513 
68.966 
66.820 
65.083 
63.485 
62.227 
61 .065 
60.139 
59.342 
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Table 5.10 
Experiment (j): 
Cone. of SrC1 2X10
4 Cone. of NaN03X10
3 L . 
equ~v. 
(1 ) 1.621956 4.119571 81.609 
(2) 3.172543 4.089519 78.276 
(3) 4.757631 4.058802 75.253 
(4) 6.325142 4.028430 72.586 
(5) 7.862565 3.998646 70.286 
(6) 9.393044 3.969000 68.232 
( 7) 1 0 • 89283 3.939952 66.448 
(8) 12.38646 3.911028 64.827 
(9) 13.79483 3.883759 63.461 
(10) 15.21298 3.856304 62.258 
( 11) 1 6 .61 785 3.829109 61.107 
(12) 17.99528 3.802450 60.128 
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Table 5.11 
Experiment (k): 
Cone. of srC12x10
4 Cone. of NaN03X10
3 L . 
equ1v. 
(1 ) 1 .634860 5.390833 79.606 
(2) 3.227204 5.350450 76.908 
(3) 4.828371 5.309852 74.456 
(4) 6.371090 5.270745 72.314 
(5) 7.935279 5.231102 70.303 
(6) 9.477367 5.192027 68.494 
(7) 10.98645 5.153797 66.871 
(8) 12.46707 5.116296 65.412 
(9) 13.92616 5.079348 64.090 
( 1 0) 1 5 • 40247 5.041970 62.865 
(11) 16.82806 5.005885 61.762 
(12) 18.24944 4.969913 60.737 
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Table 5.12 
Experiment (1): 
Cone. of SrC1 2:t10
4 Cone. of NaN03X10
3 L . equlV. 
(1 ) 1 .690456 2.133279 83.798 
(2) 3.384236 2.116272 78.060 
(3) 5.039336 2.099655 73.682 
(4) 6.709842 2.082885 70.249 
(5) 8.304514 2.066877 67.679 
(6) 9.900142 2.050860 65.512 
(7) 11 .48341 2.034969 63.841 
(8) 12.98145 2.019934 62.523 
(9) 14.40477 2.005651 61.552 
(10 ) 15.92063 1 .990439 60.536 
(11) 17.32255 1.976372 59.850 
(12) 18.71437 1.962408 59.248 
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Section 2. Analysis of Conductance Data 
The full form of the conductance equation is required 
here. For the two mixtures (BaC12+KBr, and SrC12+NaN03), 
both their individual ion, and ion-pair, data had already 
been determined. In each case there are six ionic species 
2+ - + + + - 2+ 2+ 2+ present: M ,X ,MX, N , MY , Y , (M = Ba ,or Sr , 
- - + + + -X =Cl , N =K or Na , and Y =Br- or NO; respectively). 
Allowance is also made in the program (LIB for BaC1 2+KBr 
mixture, and SII for SrC12+NaN03 mixture) for the uncharged 
ion-associated species Sr(N03 )2 and Sr(N03)(Cl). 
The input data to the computer program (LIB or STI) are: 
solvent parameters (T,D,n), charges z. and limiting conduc-
l. 
tances for each ionic species, K for each 
assocn. 
ion-association equilibrium, and the experimental data; 
which are the stoichiometric concentrations of the two 
electrolytes in solution, and the experimentally-determined 
equivalent conductances calculated from 
•••••• (5. 1 ) 
where C1 and C2 are here the equivalent concentrations. 
From this data, preliminary values of the concentrations 
of the various ionic and non-ionic species present in signi-
ficant amounts are obtained by solution of a polynomial 
equation in one of these concentrations; this equation is 
derived from the conditions of mass and charge balance, and 
of the various ion-association equilibria. 
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From the preliminary concentrations, the approximate ionic 
strength of the solution, and hence the six activity coeffi-
cients, may be obtained. These values are then refined by 
an iterative procedure, which includes the uncharged species 
such as (Sr(N03)2)0 in the mass-balance equations (the activity 
coefficients for these species are assumed to be unity). 
The relaxation term, in mixed electrolytes, either strong 
or weak, presents a special problem. 14 The term q is defined 
in the case of two ions of charge z1 and z2 by:-
I z1 II z2 I 1 
q = • 
I z1 I + I z21 
•••••• (5.2) 
where t; is the limiting transport number of the ith ion. 
If I z11 = I z2 I, q=~. For the case of six ionic species, the 
L: t. t · 1-0 five roots a "p=1-5, of the equa lon 2
p i=1 ,6 (w i-a p) 
are determined in the following way:-
In the program (LIB or SII) as written, the highest 
mobility of the ionic species must be designated AA(6) or 
w~, so that the five intermediate roots a p are obtained 
(in mixture A, AA(6) is for Br-, in mixture B, AA(6) is for 
In a single ionic constituent of the solution:-
s s 
= A 0 f 1 + z .. ~ X ~ .L t,'" X p [A P ( t ) ( B K )+ B P ( t ) (B K )2 + 
Aj j L J p=2 J v=1 N v v V 
z. ( KT) { () 
J 1 + V ; (t) ( BK }. + 
2 (1+t) 
•••••• (5.3) 
- 1S1 -
In the mixed electrolyte solution containing s ionic 
species: 
s 
1000 cr = m \olar = C "'qu1'V. = 2: ,z., m' A • 
-e 1'=1 ~ 1 1 (S 4) 
• • • • • • 
where m, 
1 
is the molar free ion concentration of the ith ionic 
species, m and C are the stoichiometric molar and equivalent 
concentrations of the electrolyte, and cr is the specific 
conductance of the solution as determined experimentally in 
-1 -1 () ohm cm. Equation S.4 is derived as previously. 
TV. = 
1 
To determine the 5 roots 
L{ E2 (i):; ~)*U2 (i) 
i=1,6 
a :-p 
•••••• (S.S) 
~r.·-.:. TV i is the transport number and w, 1 is the mobility of 
the i-ion. In equation (S.S), 
= C. {ions cm-3)xE~ 
1 1 
•••••• (S.6) 
E'i = z. x 4. 803x1 0 -1
0 e.s.u. 1 •••••• (S.7) 
3.107x10-3 Aq 1 
and wi = 
IE: I 1 •••••• (S .8) 
(l p=1,5 are the roots of the equation:-
• • p , 
I: TV{J) SQ(p) = 2 (S.9) J=1,6 w{J) - (l • • • • • • • p 
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where W (6) is the greatest term of the W (J) • 
Consider a part 
• 
• • 
where 
81,2 = 
Obviously for 
For 2 (1 = W 1 1 
2 (11 = W 1 For 
and 81,2 
(1 = 1 
-
0 
+ 0 
+ co 
S1,2 of SQ(p): 
+ 
TV2 
81,2= CD 
, 81,2 + co as 
, S1,2 
- CD as 
as 15 -+ 0 in 2 (12 = W 2 - 0 
So the root (11 lies between W 1 and W 2 :-
Fig. 5.1 
+~ 
y 
0 
I 
I 
I 
I I 
oL oJ,. 0'3 01. 1 2 4 
•••••• (5.10) 
o -+ 0 
o -+ 0 
I 
I 
I 
I 
x 
I 
I 
I 
I -00 
01.. cX.6 5 
where 2 w. = CX. 
1 1 
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and similarly for the roots CX , p=2 •• 5. p 
The roots CX are combined by the following equations:~7,18,19 p 
WRll" ~ TV (J). W (J) = 
J=1,6 
QH(p) = J Q(p) 
QQ = ~ TV(J). W (J)2 L 2 2 
J = 1 ,6 ( W (J) - cxp ) 
X(P,I) = 
1 
. 2: __ """,,,:W~(_I_) __ 
W (1)2 _ cx 
1=1,6 p 
• • • • • • (5.11) 
• • • • • • (5.12) 
•••••• (5.13) 
• • • • • • (5.14) 
TXZ(p) = ~ TV(J) ·)(P,J)E2 (J)/(4.80325x10- 10 ) 
•••••• (5.15) 
p=1,5 
In equations (5.11) to (5.15), the symbolism is the same 
as that of the computer programs. 
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Section 3. Results for Mixture (A): BaC12+KBr 
3.1 Treatment of Results 
The equivalent conductance of the mixture (BaC12+KBr) 
that was found experimentally (Equation ( 5.16) in Tables (5.1-
5.12) is given, in terms of the ion conductance, by:-
L -equi v. -
••••• (5. 16) 
where C is the stoichiometric equivalent concentration of 
n 
electrolyte species n. 
Or 
+ 1~ _. A _)/(C + C ) 
.b r B r B aC 12 KB r •••••• ( 5 • 1 7) 
The equivalent conductance of the mixture can be expressed 
in this case as:-
L = . equlV. 
1000a 
E Cn 
n 
= 
1000a 
• ••••• (5.18) 
-1 ~1 
where a is the spe cific conductance in ohm cm. To calculate 
L . 
equlv. theoretically we need to calculate the concentration 
of each ionic species present. The concentrations of the 
different ionic species present in the mixture are:-
C(1)=CBa2+ , C(2)=CCl- , C(3)=CBaCl+ , C(4)=CK+ , C(5)=CBaBr+, 
and C(6)=CBr_. 
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The ionic equilibrium constants are:-
= 
+ * {BaCI } 
2+ -{Ba HBr} 
+ rBaBr } 
{ KBr} 
{ KCI} .,. 
{K+} {CI-}-~ 
f BaBr+ 
• 
fBa2+ .fBr-
• 
• 
•••••• (5.19) 
• • • • •• ( 5 .20 ) 
• ••••• (5.21) 
•••••• (5.22) 
where f is the hypothetical single-ion coefficient. From the 
equations of electroneutrality and mass balance the concen-
trations of ionic species can be found; the ionic strength 
( I' c. z~ ) can then be determined, and the activity coeffi-
1 1 
cients calculated.· 
Appendix 1 shows a complete listing of the program 
(LIB) which was written for the mixture (BaC12+KBr) in 
Fortran by using subroutine procedure (CALLAM) in double 
precision. 
* { X} = Concentration of X • 
• The iterative procedure described in p.150 is then followed. 
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The input data are"" Solvent pa t (T rame ers emp.=298.16, 
Dielectric constant of methanol=32.62, Viscosity=O.005445); 
Charges and AO fo reach ioni c species, as determined from 
the individual electrolytes. 
Ionic species z. 1>.9 Reference 
-l. . l. 
Ba2+ +2 60.0 Chosen value from present work 
-Cl -1 52.36 64 and 65 
BaCI+ +1 29.0 Chosen value from present work 
K+ +1 52.64 Chosen value from present work 
BaBr+ +1 28.0 Chosen value from present work 
-Br -1 56.50 66 and 64 
Next the four association constants as determined previously 
. in Tables 3.9 and 3,.21 : Kl1)=450, Ki 2)=300 , Ki 3)=30 , 
K(4)=20; the number of sets of data; and each set as: A 
CONC1(CBaCI2)' CONC2(CKBr) and Lequiv. (found experimentally). 
We have calculated the concentrations C(1) + C(6) 
(for all the ionic species present), the activity coefficients 
ACT(1) + ACT(6), the transport numbers TV(1) + TV(6), 
the five roots a. 
P 
as 0. 1 
the equivalent conductances 
data (least SS ( A ) between 
experimentally as: SSe A)=( 
+ 0..5 ' qp as Q (1 ) + Q(5), 
as A1 + Ali' and the best-fit 
Le~div. calcul~ted and Lequiv. found 
L - L .L)2) at the 
calc. expv. 
appropriate R values (R: the overall distance parameter) 
where R is the only variable parameter, for each set of data 
of each experiment done. 
- 157 -
3.2 Introduction to the Tables of Results 
Typical examples of the results of one set of data of 
each experiment done are shown in Tables (5.13-5.18). 
Each table shows the concentrations of the ionic species 
C1~ C6 ' their activity coefficients and transport numbers, 
and ionic conductances. 
We have discussed the determination of the five inter-
mediate roots 0(,. (=X in the program), and the corresponding p 
values of Q(p), p=1,5. The values of Q(p),X and SQ(p) 
(SQ(p) gives an indication of how close to zero equation 
(5.9) becomes with the corresponding ~ ) are listed in each p 
table below the double line, because the numbers in SQ(1), 
etc., refer to the values of p (p=1,5), and not to the ith 
ion (as do C(1), ACT(1), etc.). 
The qp 
equation: 
= 
values are summed in the final conductance 
6 
L 
v=1 
• 
f(v,q ••• )} p - z.f(j) J 
•••••• (5.23) 
Table 5.13 Results of set number (1) from Mixture (A), Experiment (a) VI 
where CONC1 (BaC12)=1.41489'8x10-4,CONC2(KBr)=1.474273x10-3, L i =93.973 • VI 
. equ v. 
C(1)x103 C(2)x103 C(3)x105 C(4)x102 C(6)x102 
8 
C(5)x10 4 P> d 
Concentrations I-' 0.110218 0.270394 0.701214 0.142522 0.243161 0.140647 CD c.o 
Activity ACT(1) ACT(2) ACT(3) ACT(4) ACT(5) ACT(6) 0 I-i) 
coefficients 0.522835 0.850337 0.850337 0.850337 0.850337 0.850337 ~ CD 
TV(3)x10 2 
(J.l 
Transport TV( 1 )x10 TV(2)x10 TV(4) TV(5)x102 TV(6) ~ I-' 
c+ 
numbers 0.723699 0.774680 0.111269 0.410508 0.372543 0.434816 c.o 
AA(J)= AA(1) AA(2) AA(3) AA(4) AA(5) AA(6) 
2 ~ 3.76599 11.4719 3.51 911 11.5949 3.28059 13.3577 \J1 Wi (X) 
AJ A1 =48.8836 A2=47.4603 A3=25.5 22 4 A4=48.1221 A5=2 4•5504 A6:::151.2779 
SQ (1 )x104 SQ(2)x10 SQ(3)x102 SQ(4)x103 SQ(5)x103 
SQ(p) 0.1020 0.1784 0.3637 0.1093 0.3921 
X= ex 
P 
X1=4.411 X2=11.49 X3=3.5 22 X4=12.53 X5=3. 295 
Q ( 1 ) Q(2) Q(3) Q(4) Q(5) 
Q (p) 0.6066 0.6897 0.6553 0.4804 0.6427 
L i (experimentally)=93.973, L i (calculated)=93.9478, SSe A)=0.6339x10-3 at R=6.6~. equ v. equ v. 
Table 5.14 Results of Set number (3) from Mixture (A), Experiment (b) 
where CONC1(BaC12)=4.391879x10-4, CONC2(KBr)=1.134519x10-3 , L . =86.542 equ1V. 
C(1 )x103 C (2) x1 0 3--
u
_
u
- C-( 3-)~104--- - -C (4) x1 02 C(5)x10 4 C(6)x10 2 
Concentrations 0.332801 0.809562 0.566562 0.109846 0.495069 0.106111 
Activity ACT(1) ACT(2) ACT(3)· ACT(4) ACT (5)' ACT (6) -
coefficients 0.467392 0.826838 0.826838 0.826838 0.826838 0.826838 
Transport TV( 1 ) TV(2) TV(3)x10 2 TV(4) TV(5)x10 2 TV(6) 
numbers 0.196126 0.208171 0.806892 0.283968 0.923889 0.294427 
AA(J)= AA(1) AA(2) AA(3) AA(4) AA(5) AA(6) 
2 3.76599 3.51911 11.5949 3.28059 13.3577 ~ W· 11.4719 Vl 1 ~ 
AJ 
A 1=46.9988 A2=44. 8864 A 3=24.9480 A 4=47.4866 A =33.5591 A6=48 .6906 5 
SQ(1)x105 SQ(2)x102 SQ(3)x102 SQ (4)x1 0 4 SQ (5 )x10 4 
SQ(p) 0.2030 0.8314 0.2963 0.3909 0.2627 
X= CL p X1=5.338 X2=11.52 X3=3.5 28 X4=12.70 x5=6.224 
Q(1) Q(2) Q(3) Q(4) Q(5) 
Q(p) 0.5447 0.5450 0.6209 0.4492 0.5363 
L i (experimentally)=86.542 , L i (calculated)=86.7028, SS( A)=0.02586 at R=3.4~. 
equ v. equ v. 
Table 5.15 Results of Set number (6) from Mixture (A), Experiment (c) 
where CONC1(BaC12)=8.975899x10-4, CONC2(KBr)=2.142046x10-3 , L i =79.554 equ v. 
C(1)x103 C(2)x102 C(3)x103 C(4)x102 C(5)x103 C(6)x102 
Concentrations 0.605148 0.159435 0.161192 0.203061 0.130701 0.193936 
Activity ACT(1) ACT(2) ACT(3) ACT(4) ACT(5) ACT(6) 
coefficients 0.371303 0.780606 0.780606 0.780606 0.780606 0.780606 
Transport TV(1) TV(2) TV(3)x10 TV(4) TV(5)xl0 2 TV(6) 
numbers 0.190644 0.219187 0.122722 0.280623 0.960767 0.287666 
AA(J)= AA( 1) AA(2) AA(3) AA(4) AA(5) AA(6) ~ 0\ 2 3.76599 11.4719 3.51911 11.5949 3.28059 13.3577 0 w. J. 
AJ A1 =43.4005 A =43.3562 2 A3=23.7281 A =45.8896 4 A =22.7706 5 A6=47.0698 
SQ (1 )x10B SQ (2) x1 OZ--SQ (3 )x10 2 SQ (4)x1 04 SQ(5)x103 
SQ(p) 0.9220 0.3065 0.2934 0.6525 0.2646 
X="<lp ~ =5.513 ~=11.52 ~=3.533 X4=12.72 Xs=3. 298 
Q(1) Q(2) Q(3) Q(4) Q(5) 
Q(p) 0.5495 0.4903 0.6191 0.4480 0.6122 
L i (experimentally)=79.554, L i (calculated)=79.4799, SS(A )=0.5484x10-2 at R=4.2~. 
equ v. equ v. 
Table 5.16 Results of Set number (8) from Mixture (A), Experiment (d) 
where CONC1(BaC12)=11.36676x10-4, CONC2(KBr)=3.455436x10-3 , Lequiv.=77.394 
C(1 )x103-·· C(2)x102 C(3)x10 3 C(4)x102 C(5)x10 3 C(6)x10 2 
Concentrations 0.715765 0.199335 0.207209 0.321424 0.213030 0.307401 
Activity ACT (1 ) ACT(2) ACT(3) ACT(4) ACT(5) ACT (6.) 
coefficients 0.322790 0.753754 0.753754 0.753754 0.753754 0.753754 
Transport TV(1) TV(2) TV(3)x10 TV(4) TV(5)x10 TV(6) 
numbers 0.157566 0.191466 0.110235 0.310388 0.109423 0.318614 
AA(J)= AA( 1) AA(2) AA(3) AA(4) AA(5) AA(6) 
2 3.76599 -"" Wi 11.4719 3.51911 11.5949 3.28059 13.3577 0\ 
~ 
AJ A1=41 .3501 ~=43 .0672 A3=22.9957 \=44.8664 ~=22 .0503 A6=46.7403 
----
SQ(1)x105 SQ(2)x10 2 SQ(3)x10 2 SQ(4)x10 4 SQ(5)x103 
SQ(p) 0.5684 0.4808 0.2203 0.2039 0.1331 
X= a p X1=5. 241 X2=11.52 X3=3.534 X4=12.67 X5=3.303 
Q (1 ) Q(2) Q(3) Q(4) Q(5) 
Q(p) 0.5623 0.5157 0.6218 0.4545 0.6178 
L i (experimentally)=77.394, L i (calculated)=77.2233, equ v. equ v. SS(A )=0.2914x10-
1 
at R=4.6~. 
Table 5.17 Results of Set number (10) from Mixture (A), Experiment (e) 
where CONC1(BaC12)=13.31583x10-4, CONC2(KBr)=4.740347x10-3, L i =75.743 
equ v. 
Concentrations C(1)x103 C(2)x10
2 C(3)x103 C(4)x102 C(5)x103 C(6)x102 
0.800225 0.231298 0.241970 0.434028 0.290023 0.415848 
Activity ACT(1) ACT(2) ACT(3) ACT(4) ACT(5) ACT(6) 
coefficients 0.290476 0.734138 0.734138 0.734138 0.734138 0.734138 
Transport TV( 1) TV(2) TV(3)x10 TV(4) TV(5)x10 TV(6) 
numbers 0.138030 0.174080 0.100865 0.328407 0.116727 0.337724 
AA(J)= AA( 1) AA(2) AA(3) AA(4) AA(5) AA(6) 
2 3.76599 11.4719 3.51911 11.5949 3.28059 13.3577 -" w. 0\ 1 rv 
AJ ~ 1 =40. 2599 A2=43.0800 A3=22. 5016 A4=44. 2026 A5=21. 5674 1;=46.6305 
SQ (1 )x,1 05 SQ(2)x10 SQ(3)x102 SQ(4)x10 4 SQ(5)x10 3 
SQ(p) 0.7804 0.1289 0.1801 0.8736 0.8517 
X= ex 
P x., =5.076 ~=11.51 X3=3.535 X =12.65 4 X5=3.307 
Q(1) Q(2) Q(3) Q(4) Q(5) 
Q(p) 0.5703 0.6054 0.6237 0.4596 0.6257 
L (experimentally)=75.743, L i (calculated)=75.8478, SS(A )=0.1099x10-1 at R=4.8~. equiv. equ v. 
Table 5.18 Results of Set number (9) from Mixture (A), Experiment (f) 
where CONC1(BaC12)=11.97886x10-4, CONC2(KBr)=5.970255x10-3, L i =75.573 equ v. 
C(1)x103 C(2)x102 C(3)x103 C(4)x102 C(5)x103 C(6)x102 
Concentrations 0.710256 0.209443 0.182912 0.540880 0.304100 0.522313 
Activity ACT(1) ACT(2) ACT(3) ACT(4) ACT(5) ACT(6) 
coefficients 0.273274 0.723019 0.723019 0.723019 0.723019 0.723019 
Transport TV(1) TV(2) TV(3)x102 TV(4) TV(5)x10 TV(6) 
numbers 0.108087 0.139072 0.672692 0.361071 0.107982 0.374245 
AA(J)= AA(1) AA(2-) AA(3) AA(4) AA(5) AA(6) ~ 
2 3.76599 11.4719 3.51911 11.5949 3.28059 13.3577 0\ W i \>J 
AJ A f=39. 2223 A2=42.6937 A3=22.1 596 A 4=43. 6735 A5=21 ~ 2296 ~=46. 3476 
SQ(1)x105 SQ(2)x10 2 SQ(3)x102 SQ(4)x10 4 
----- ---- - 2 
SQ(5)x10 
SW(p) 0.1454 0.1377 0.2561 0.7244 0.1231 
X= a X1=4.793 X2=11.5 1 X3=3.532 X4=12.60 X5=3.3 1O P 
Q(1) Q(2) Q(3) Q(4) Q(5) 
Q(p) 0.5847 0.4926 0.6360 0.4674 0.6353 
L i (experimentally)=75.573, L i (calculated)=75.7761, SS(A )=0.4123x10-1 at R=4.64~. equ v. equ v. 
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The following Tables (5.19 - 5.24 ) show the SS ( fI. ) 
values obtained,at the best-fit R values, for each set of data 
of all the experiments done for the Mixture (A);- BaCI +KBr. 
2 
" 
These 'best-fit' values of R represent the average distance 
between ,the different ionic species present in the solution, 
and not between any specific pair. 
Experiment (a): 
, " (1 ) 
(2) 
(3) 
(4) 
(5) 
(6) 
(7) 
(8) 
, (9) 
(10) 
(11) 
(12) 
93.973 
89.911 
86.527 
83.731 
81.359 
79.244 
77.433 
75.816 
74.446 
73.122 
71.898 
70.929 
Table 5.19 
L calc. 
93.9478 
89.9998 
86.6166 
83.6594 
81.3718 
79.3707 
77.5934 
76.0122 
74.6440 
73.3698 
72.1495 
71.1349 
SSe fI. ) 
0.00063 
0.00789 
0.00802 
0.00512 
0.00016 
0.01605 
0.02571 
0.03848 
0.03921 
0.06142 
0.06325 
0.04238 
R/~ 
6.6 
5.0 
4.2 
3.8 
3.8 
3.8 
3.8 
3.8 
3.8 
3.8 
3.8 
3.8 
Experiment (b): 
L expt • 
(1 ) 94.345 
(2) 89.966 
(3) 86.542 
(4) 83.834 
~ 
(5) 81.261 
(6) 79.177 
(7) 77.278 
(8) 75.539 
(9) 74.123 
(10 ) 72.719 
(11 ) 71.544 
(12) 70.485 
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Table 5.20 
L 
calc. 
94.3527 
89.9368 
86.7028 
83.9383 
81 .0962 
79.3969 
77.0421 
75.7965 
74.2734 
72.8816 
71.6423 
70.4553 
ssL\ ) 
0.00006 
0.00086 
0.02586 
0.01089 
0.02717 
0.04835 
0.05566 
0.06631 
0.02262 
0.02645 
0.00967 
0.00089 
R/~ 
5.4 
3.4 
3.4 
3.4 
3.0 
3.4 
3.0 
3.4 
3.4 
3.4 
3.4 
3.4 
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Table 5.21 
Experiment (c): 
Lexpt • sse A) . R/~ 
.. . (1 ) 91.647 91.5799 0.00449 6.2 
(2) 88.611 88.6356 0.00060 5.4 
(3) 86.043 86.1175 0.00555 5.0 
(4) 83.621 83.5618 0.00351 4.6 
(5) 81.443 81.2543 0.03561 4.2 
(6) 79.554 79.4799 0.00548 4.2 
(7) 77.857 77.8759 0.00036 4.2 
(8) 76.260 76.4247 0.02714 4.2 
(9) 74.892 75.0355 0.02059 4.2 
(10 ) 73.595 73.8693 0.07525 4.2 
( 11 ) 72.537 72.8144 0.07694 4.2 
(12) 71.385 71.1586 0.05125 3.8 
(13) 70.406 70.3041 0.01039 3.8 
Experiment (d): 
Lexpt • 
( 1 ) 89.024 
(2) 86.985 
(3) 85.017 
(4) 83.267 
(5) 81.555 
(6) 80 .104 
(7) 78.614 
(8) 77.394 
(9) 76.165 
(10 ) 75.055 
( 11 ) 73.994 
(12) 72.954 
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Table 5.22 
L 
calc. 
88.9554 
86.9266 
85.1093 
83.2020 
81~3908 
80.0502 
78.3809 
77.2233 
76.2161 
75.2663 
73.6764 
72.7623 
sse A) 
0.00470 
0.00341 
0.00852 
0.00423 
0.02695 
0.00289 
0.05433 
0.02914 
0.00262 
0.04466 
0.10090 
0.03675 
6.6 
6.2 
5.8 
5.4 
5.0 
5.0 
4.6 
4.6 
4.6 
4.6 
4.2 
4.2 
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Table 5.23 
Experiment (e): 
ss( A) R/~ 
(1 ) 87.009 86.9259 0.00691 6.8 
(2) 85.525 85.6156 0.00820 6.8 
(3) 84.083 84.2011 0.01395 6.4 
(4) 82.703 82.7575 0.00297 6.0 
(5) 81 .404 81.2838 0.01445 5.6 
(6) 80 .107 79.9090 0.03919 5.2 
(7) 78.933 78.9662 0.00110 5.2 
(8) 77.813 77.8933 0.00645 5.2 
(9) 76.760 76.6314 0.01653 4.8 
(10 ) 75.743 75.8478 0.01099 4.8 
(11 ) 74.827 75.0351 0.04329 4.8 
(12) 73.918 74.1663 0.06166 4.8 
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Table 5.24 
Experiment (f): 
SS(A} 
(1 ) 84.301 84.2957 0.00003 5.8 
(2) 83.019 83.1214 0.01049 5.4 
(3) 81.768 81.9451 0.00818 5.4 
(4) 80.656 80.7851 0.01666 5.0 
(5) 79.562 79.6613 0.00987 5.0 
(6) 78.419 78.4254 0.00004 4.6 
(7) 77.428 77.5091 0.00657 4.6 
(8) 76.469 76.6003 0.01724 4.6 
(9) 75.573 75.7761 0.04123 4.6 
- 170 -
As a check on the calculation of the concentrations of 
the ionic species C1 ~ C6 ' the total concentration of the 
positive ionic species present in the mixed electrolyte 
. 2+· + + + 
solution, which is (2{Ba } + {BaCI } + {K } + {BaBr} ), 
should be equal to the total concentration of the negative 
ions (' { Cl- } + {Br - }). Table 5.25 shows these summations 
for the typical examples shown in the previous Tables ( 5.13 -
5.18). 
Table 5.25 
Data from Total concentration of Total concentration of 
the positive ions the negative ions 
Table 5.13 1.676984x10-3 1 • 676864x1 0 - 3 
Table 5.14 1.870225x10-3 1.870672x10-3 
Table 5.15 3.532799x10-3 3.533710x10-3 
Table 5. 16 5.066009x10-3 5 .067360x1 0 - 3 
Table 5.17 6.472723x10-3 6.471460x10-3 
Table 5.18 7.316324x10-3 7.317560x10-3 
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The total transport number or: TV(Ba2+)+TV(Cl-)+ 
TV(BaCl+)+TV(K+)+TV(BaBr+)+TV(Br-) should be equal to unity. 
This summation is shown in Table 5.26 for the previous 
data in Tables ~5.13 - 5.18). 
Table 5.26 
Data from Total transport number 
Table 5.13 0.9999999 
Table 5.14 0.9999998 
Table 5.15 0.9999999 
Table 5.16 0.9999998 
Table 5.17 1.0000002 
~ 
Table 5.18 1.0000001 
Comparing ionic and stoichiometric concentrations, 
in mole 1-1 : for the set number (1) in Mixture (A), experiment 
(a):-
CONC1 = {BaC12} = 1 • 414898x1 0-
4 
CONC2 = {KBr} = 1.474273x10-3 
i.e., {Ba2+} = 1.414898x10-4 , {Cl- } = 2.829796x10- 4 
and {K+ } = 1 .47 4273x10 - 3 { Br-} = 1.474273x10-3 , 
as can be seen from the previous analysis of the data the 
concentration of each ionic species is:-
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{Ba2+} = O.110218x10-3 , {Cl-} = 0.270394x10-3 , 
{BaCl +} = O. 701214x10-5 , {K+} = 0.142522x10-2 , 
{BaBr+} = O.243161x10-4 , and {Br-} = 0.140647x10-2 
[{ Ba2+} = 
= 
= 
{Ba 2+} + { BaCl +} + { BaBr + } 
1.10218x10-4 + O.0701214x10-4 + 0.243161x10-4 
1.4154624x10-4 
L"{CI - } = { C 1 -} + {B aC 1 + } 
= 
= 
2.70394x10-4 + 0.0701214x10-4 
2.7740614x10-4 
. {K+ } = 1.42522x10-3 
L{ Br- } =. {Br - }+{BaBr+} 
= 1.40647x10-3 + 0.0243161x10-3 
= 1.4307861x10-3 
The agreement is satisfactory. 
3.4 Consideration of the R parameter 
The following Tables ( 5.27 - 5.30) show the effect 
of variation of the distance parameter R on the concentra-
tion, ·activity coefficient, transport number and equivalent 
conductance~ of each ionic species present in some selected 
examples from the data of Section 3.3. 
able 5.27 Effect of variation of the distance parameter (R) on the concentration of each ionic 
species present in Set number(1) from Mixture (A), Experiment (a). 
R/~ C(Ba2+) 
3.4 0.111204x10-3 
~3.8 0.111075x10-3 
4.2 0.110947x10-3 
4.6 0.110822x10-3 
5.0 0.110698x10-3 
5.4 0.110575x10-3 
C(C1-) C{BaCl+) 
0.270722x10-3 0.679074x10-5 
0.270679x10-3 0.681971x10-5 
0.270637x10-3 0.684829x10-5 
0.270595x10-3 0.687650x10-5 
0.270554x10-3 O.690434x10-5 
O.270513x10-3 O.693181x10-5 
C(K+) 
0.142615x10-2 
o .142603x10-2 
o .142591x10- 2 
o .142579x10-2 
o .142567x10-2 
o .142556x10-2 
C(BaBr+) C(Br-) 
O.235466x10-4 O.140807x10-2 
O.236473x10-4 O.140786x10-2 
O.237466x10-4 O.140766x10-2 
0.238446x10-4 0.140745x10-2 
0.239414x10-4 0.140725x10-2 
O.240369x10-4 O.140705x10-2 
5.8 0.110455x10-3 0.270473x10-3 O.695893x10-5 O.142544x10-2 0.241311x10-4 0.140686x10-2 
6.2 0.110335x10-3 0.270433x10-3 0.698571x10-5 O.142533x10-2 0.242242x10-4 0.140666x10-2 
6.6* 0.110218x10-3 0.270394x10-3 0.701214x10-5 0.142522x10-2 O.243161x10-4 O.140647x10-2 
* Best-fit value. 
~ 
-J 
\.).I 
~able 5.28 Effect of variation of R on the activity coefficient of each ionic species present 
in Set number (1) from Mixture (A), Experiment (a). 
R/9t ACT(Ba2+) ACT(CI-) ACT{BaCl+) ACT{K+) ACT (BaBr+) ACT{Br-) 
3.4 0.501228 0.841412 0.841412 0.841412 0.841412 0.841412 
3.8 0.504031 0.842586 0.842586 0.842586 0.842586 0.842586 
4.2 0.506804 0.843743 0.843743 0.843743 0.843743 0.843743 
4.6 0.509547 0.844882 0.844882 0.844882 0.844882 0.844882 
5.0 0.512261 0.846005 0.846005 0.846005 0.846005 0.846005 ~ -J 
~ 
5.4 0.514947 0.847111 0.847111 0.847111 0.847111 0.847111 
5.8 0.517604 0.848202 0.848202 0.848202 0.848202 0.848202 
. 
6.2 0.520233 0.849277 0.849277 0.849277 0.849277 0.849277 
* 6.6 0.522835 0.850337 0.850337 0.850337 0.850337 0.850337 
* Best-fit value. 
'able 5.29 Effect of variation of R on the transport number of each ionic species present in 
set number (1) from Mixture (A), Experiment (a). 
R/9t TV(Ba2+) TV(Cl-) TV(BaCl+) TV(K+) TV(BaBr+) TV(Br-) 
3.4 0.729187x10-1 0.774570x10- 1 o .107610x10-2 0.410223 0.360267x10-2 0.434722 
'.' 3.8 0.728470x10- 1 0.77 4585x1 0-1 o .108088x10-2 0.410260 0.361871x10-2 0.434734 
4.2 0.727762x10-1 0.774599x10-1 o .108560x10-2 0.410297 0.363455x10-2 0.434747 
4.6 O. 727063x1 0-1 0.774613x10-1 o .109026x10-2 0.410333 0.365018x10-2 0.434758 
0.726373x10-1 0.774627x10-1 o • 1 09486x1 0-2 0.366561x10-2 
~ 
5.0 0.410369 0.434770 -..J \J1 
5.4 0.725692x10-1 0.77 4640x1 0-1 0.1 09940x1 0-2 0.410405 O.368085x10-2 0.434782 
5.8 0.725019x10-1 O.774654x10-1 0.110389x10- 2 0.410440 0.369590x10-2 0.434793 
6.2 0.724355x10-1 0.774667x10-1 0.11 0832x1 0-2 0.410474 0.371076x10-2 0.434805 
* 0.723699x10-1 0.774680x10-1 0.111269x10-2 0.372543x10-2 0.434816 6.6 0.410508 
* Best-fit value. 
~able 5.30 Effect of variation of R on the equivalent conductance of each ionic species present 
in Set number (1) from Mixture (A), Experiment (a). 
R/~ ~a2+ ABaCl+ AK+ A BaBr+ ABr -ACl-
3.4 47.0939 46.5555 25.1770 47.6708 24.1965 50.4538 
3.8 47.3764 46.6956 25.2208 47.7381 24.2518 50.5835 
4.2 47.6372 46.8251 25.2632 47.8015 24.2970 50.7027 
4.6 47.8747 46.9460 25.3526 47.8610 24.3468 50.8136 
5.0 48.0995 47.0596 25.3880 47.9176 24.3934 50.9171 -"" -J 
0'\ 
5.4 48.3118 47.1671 25.4230 47.9717 24.4321 51.0145 
5.8 48.5115 47.2694 25.4566 48.0235 24.4748 51.1066 
6.2 48.7014 47.3670 25.4896 48.0734 24.5159 51 • 1941 
6.6* 48.8836 47.4603 25.5224 48.1221 24.5504 51.2779 
* Best-fit value. 
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Variation of R. 
Within a given run the 'best-fit' value of R decreases as 
{Ba2+} lex+} or {Ba2+} I {Br -} increases. Fig. 5.2 shows 
the effect for this mixture. Thi~ shows that the tendency 
to ion association is similar for Cl- and Br- , since 
{K+} ~ { Cl - } • 
Fig. 5.3 is a plot of the free ion concentration of 
each ionic species present against the mole fraction of BaC12 • 
From this plot it can be seen: both the {Ba2+} and { Cl-} 
increase very rapidly with increase in mole fraction of BaC1
2
; 
{ BaCl +} and { BaBr+} show nearly similar behaviour until 
XBaC1 2 ~ 0.3, then 
{ K+} and { Br - } 
BaCl+ increases more than {BaBr +} ; 
show very similar behaviour, both remaining 
nearly constant within the range of the mole fraction (0.0 to 
0.6). Evidently, one can determine the concentration of each 
ionic species for a given mole fraction of BaC12 from this plot. 
3.5 The 'mixture' effect upon Lequiv. 
To compare the Lequiv. of each mixture solution with 
the simple addition of the electrolytic conductances, we 
proceed as follows:-
From single electrolyte conductance of the plots of 
AC versus rc , we obtain 
where: moles -1 of BaC12 m1 1 
and moles -1 of KBr m2 1 
C1 A 1 
and 
°1 = . . 1000 
A' and 1 
• • • • • 
••••• 
C1 
C2 
°2 
= 
= 
= 
2 -1 -1) (em ohm equiv 
2m1 equiv. 
-1 1. 
m2 equiv. 
-1 1. 
C2 II 2 
1000 
7. 
x 
x 
Fig. 5.2 
x {Ba2+} / {K+} 
)( 
6·4 
)( 
)I 
2+ / -
• {Ba } {Br } 
)I 
,. 
)( 
)(io 
5.q X· 
X· 
X· 
R/1{ 
x • 
4. 
x • 
x • 
3. )( 
0.0 0.2 
2.OL--_--_-_-=--~-~_;;_-_;~-__;; 
0.6 0.7 0.1 0.3 0.4 0.5 
{ Ba 2+} / {K+} 
{Ba2+} / lir-} 
~ 
-.J 
co 
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2.0X10-3 
Fig. 5.3 
Mixture (BaC1 2+KBr) 
1.5x10-3 
1.0x10-3 
O.5x10-3 
O. 1 0.2 0.3 0.4 
o 
+ {BaCl} 
0.5 0.6 
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For mixed electrolyte solution:-
°soln = + 02 
-1 -1 
ohm cm. 
1000 ( 0 1+ ( 2) 
C1 + C2 
L . (mixed soln.) 
equl v. = 
2 -1 -1 
cm ohm equiv. 
For example: for set number (1 ;, Expt. (c) from Mixture (A):-
C1 = 3.108x10-
4 and 
and It. t = 91 .647 
__ ~x_p~~. ________ __ 
from the plot of A C against rc of single electrolyte solutions, 
at these concentrations, A BaC12 = 92.0 and AKBr = 96.7 
o = = 
. . BaC12 
and = 
3 .108x10-4x92.0 
= 
-6 28.594x10 
= 
1000 
22.248x10- 4x96.7 
1000 
= 215.138x10- 6 
. . ° saln. = °BaCI
2 
+ °KBr = (28.594 + 215. 138)x1 0-6 
= 243.733x10-6 
.• L . 
equlV. = 
= 
1000( 0 + 0 ) 
________ B_a_C_12 ____ ~K~B~r __ _ 
C1 + C2 
1000x243.733x10-6 
(3.108+22.248)x10- 4 
.. L . = 96.124, about 4.9% greater than the experir:lental 
equl v. 
value. Alternatively, we can calculate the equivalent conduc-
tivity for each electrolyte at the ionic strength of the 
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mixed solution which is equal to:- {(3x1.554)+22.248} x10- 4= 
26.910x10- 4mole 1:1 
. . 
and cr KBr 
and 
= 
AKBr = 95.2 
3 .108x10-4x90 .8 
1000 
= 
= 22.248x10-4x95.2 
1000 
= 
-6 211.801x10 
28.221x10-6 
. . cr soln. = (28.221+211.801)x10
6 
= 240.022x10-6 
Lequiv.(mixed soln.) = 
= 
1000 ( cr + (J) 
1 2 
1000x240.022x10-6 
25.356x10-4 
• • 
Lequiv. = 94.661 , which is still 3.3% 
higher than L expt. 
In conclusion, both methods of calculation over-estimate 
L . of the solution (expt.). 
equl.v. 
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Section 4. Results of Mixture (B): SrC12 + NaN0 3 
4.1 Treatment of results 
The preliminary values of the concentrations of the various 
ionic species present in this mixture (Sr2+, Cl-, SrCl+, Na+, 
srNO; , NO; ), and non-ionic species ( Sr(N0 3)Cl, Sr(N0 3)2)' 
are obtained by an approach which differs slightly from that 
of Mixture (A). To determine these values, the program (SII) 
assumes preliminary values of the various ionic species, and 
sets the activity coefficients equal to one. From the mass 
and charge balance with the various ion-association equilibria, 
the approximate ion strength of the solution and hence the 
six activity coefficients may be obtained. These values are 
then refined by an iterative procedure (as used for Mixture 
(A» and the actual concentrations together with the actual 
activity coefficients can be obtained. The transport numbers 
of the different ionic species present, the five roots a p' 
the SQ(p), the X values, and the SS(A) are obtained exactly 
as determined in the previous mixture. 
Appendix 2 shows a complete listing of the program (SII) 
used for analysis of the data of Mixture (B) - SrC12 + NaN0 3 • 
The input data are: Solvent parameters, charges and A~ 
~ 
for each ionic species, as determined from the 'individual 
electrolytes: 
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Ionic species z. '1.. 0 Reference 
-1. -1. 
+2 59.0 Chosen v:alus from present work 
Cl 
SrCl+ 
Na+ 
+ SrN0 3 
NO; 
-1 
+1 
+1 
+1 
-1 
52.36 
40.0 
44.64 
35.0 
61 .0 
64 and 65 
Cho sen value from present work 
Chosen value from present work 
Chosen value from present work 
17 
then the six association constants as determined previously and given 
In Tables 3.9 and 3.21 : Ki1) = 450, Ki2) = 6220, Ki3)= 45, 
Ki4) = 15, Ki5 )= 170, K(!)= 100; the number of sets of data, 
and each set as : CONC1(CSrCl ) , CONC2(CNaNO ) and L . 2 3 equl.v. 
(found experimentally). Here again, the only variable parameter 
in the fitting procedure is the R value, in calculating 
C(1) -+ C(8), ACT(1) -+ ACT(6) , TV(1) -+ TV(6), the five 
roots, . A 1 -+ A6 and the best fit SSe A) , for each set of data. 
Typical examples of the results of one set of data from 
each experiment are shown in Tables (5.31-5.38), in which C(1)= 
CS~+ , C(2)=CCl- , C(3)=CS~Cl+ , C(4)=CNa+ , 
C(6)=CNO ; ,C(7)=CSr(N03)2' C(8)=CSrNO Cl 3 
other variables. 
and so for the 
It has been found that, when the concentration of SrC12 
reaches a limit that is about double the concentration of NaN0 3 ' 
the data cannot be analysed by the program SII. So the program 
has been slightly modified in the preliminary values assumed 
for the various ionic species present; the same procedure was 
then used to determine the concentrations of the ionic and 
non-ionic species and so the activity coefficients and the 
tran~nort numbers as before. 
~~" 
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That part from a to b of the program SII (Appendix 2) 
which is modified is shown separately (Appendix 3). In this 
form, it is used to analyse the data for the sets number (7-11) 
in Table 5.8 of Mixture (B), Experiment (h). 
Table 5.31 Results of Set number (1) ~from Mixtu~e (B), ~xperiment(g) 
where CONC1(SrC12)=1.631013x10-4, CONC2(NaN03)=1.369732x10-3, Leqaiv.=84.619 
C(1)x104 -
- -~---- -- ... .. 5-
C(2)x10 C(3)x10 
--~ --2--
C(4)x10 C ( 5 ) x 1 O,-~· c( 6) x 1 O~ 
Concentrations 0.263339 0.318997 0.230536 0.131121 0.116467 0.116366 
Activity ACT(1) ACT(2) ACT(3) ACT(4) ACT(5) ACT (6) 
coefficients 0.609851 0.883702 0.883702 0.883702 0.883702 0.883702 
Transport TV (1 )x10 TV(2) TV(3)x103 TV(4) TV(5)x10 TV(6) 
numbers 0;202444 0.108816 0.600769 0.381334 0.265569 0.462447 
AA(J)= AA(1) AA(2) AA(3) AA(4) AA(5) AA(6) 
2 3.64150 11.4719 6.69509 8.33844 5.12593 15.5703 w. l. 
A A1=51.4923 ~=49 .1696 A3=37.0618 A 4=41 • 4651 . >tS=32 • 1 890 A6=57.47 25 J 
SQ (1 )x1 04 SQ(2)x105 SQ(3)x10 SQ(4)x105 SQ(5)x10 4 
SQ(p) 0.5396 0.3307 0.1190 0.3955 0.8358 
X= Cl 
P 
X1=3.771 X2=12.84 X3=6.697 X4=10. 41 X5=5. 278 
Q(1) Q(2) Q(3) Q(4) Q(5) 
Q (p) 0.6242 0.4747 0.6564 0.5007 0.5847 
C(7)=0.179923x10- 4, C(8)=0.465547x10-9 
L (experimentally)=84.619, L . (calculated)=84.6018, SSe A)=0.2942x10-3 at R=19.0~. 
equiv. equl.V. 
~ 
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Table 5.32 Results of Set number(1) from Mixture (B), Experiment (h) 
where CONC1(SrC12)=1.649040x1 0-4, CONC2(NaN03)=6.872702x10-
4
, L i =82.604 
equ v. 
C(1)x10 4 C(2)x10 3 - C(3)x105 C(4)x103 C(5)x103 C(6)x103 
Concentrations 0.480073 0.322788 0.442888 0.671350 0.104625 0.553630 
Activity ACT(1) ACT(2) ACT(3) ACT (4) ACT(5) ACT(6) 
coefficients 0.635124 0.892719 0.892719 0.892719 0.892719 0.892719 
Transport TV( 1 )x10 TV(2) TV(3)x10 2 TV(4) TV(5)x10 TV(6) 
numbers 0.628412 0.187488 0.196521 0.332452 0.406217 0.374632 
-l. 
AA(J)= AA(1) AA(2) AA(3) AA(4) AA(5) AA(6) en 0\ 2 3.64150 11.4719 6.69509 8.33844 5.12593 15.5703 Wi 
AJ '1=5 1 •2633 A2=49.0279 A3=37. 1953 A4=41.6698 A5=32.3544 A 6=57.3359 
SQ(p) SQ (1 ) x1 05 SQ(2)x105 SQ(3)x102 SQ(4)x105 SQ(5)x10 4 
0.6440 0.7866 0.2136 0.7599 O. 1 357 
X= a 
P ~1 =4.008 X2=13.41 X3=6.703 X4=10.11 X5=5.403 
Q (1 ) Q(2) Q(3) Q(4) Q(5) 
Q(p) 0.6049 0.4575 0.5603 0.4923 0.5693 
C(7)=0.784750x10 , C(8)=0.434241x10-9 
Lequiv.(experimentallY)=82.604 L . (calculated)=82.6046, SSe A )=O.4029x10-6 at R=11.2~. 
, equlv. 
Table 5.33 Results of set number (6) from Mixture (B), Experiment (li) where CONC1 >~.CONC2 
CONC1(SrC12)=9.724443x10-4, CONC2(NaN03)=6.61 5767x10-
4
, L i =67.062 
equ v. 
C(1)x103 C(2)x102 C(3)x103 C(4)x10 3 C(5)x10 3 C(6)x103 
Concentrations 0.452264 0.177434 0.159145 0.644716 0.349862 0.283908 
Activity ACT (1 ) ACT(2) ACT(3) ACT(4) ACT(5) ACT(6) 
coefficients 0.440718 0.814780 0.814780 0.814780 0.814780 0.814780 
Transport TV (1 ) TV(2) TV(3)x10 TV(4) TV(5)x10 TV(6)x10 
numbers 0.252947 0.440345 0.301724 0.136411 0.580391 0.820849 
AA(J)= AA( 1) AA(2) AA(3) AA(4) AA(5) AA(6) 
w2 ---3.64150 11.4719 6.69509 8.33844 5.12593 15.5703 OJ i --J 
~ A1 =45.4995 A2=43.55 21 A 3=35. 1473 A4=39.5680 A 5=30.3753 A6=5 1 .3307 
SQ( 1 )x10 4 SQ(2)x10 4 SQ(3)x~104 SQ(4)x10 4 SQ (5 )x10 4 
SQ(p) 0.2765 0.1934 0.39B1 0.2127 0.1845 
X= (l 
P 
X1=4. 66O X2=15. 1O X3=6.990 X4=9.286 X5=5.92 4 
Q(1) Q(2) Q(3) Q(4) Q(5) 
Q(p) 0.54BO 0.4050 0.4985 0.4636 0.5186 
C(7)=O.112099x10-4 , C(B)=O.666560x10-B 
L i (experimentally) -=67.062, L . (calculated)=67.039, SSe A) =0.50B6x10-3 at R=2 .B~. 
equ v. equl.v. 
Table 2~34 Results of Set number (13) from Mixture (B), Experiment (h) 
where CONC1(SrC1 2)=17.25587x10-4 , CONC2(NaN03)=6.376419x10-
4
, L i =63.811 
. equ v. 
C(1)x103 C(2)x103 C(3)x103 C(4)x103 C(5)x10 3 C(6)x103 
Concentrations 0.951948 0.298956 0.445281 0.616509 0.318821 0.294942 
Activity ACT(1) ACT(2) ACT(3) ACT(4) ACT(5) ACT(6) 
coefficients 0.347720 0.767905 0.767905 0.767905 0.767905 0.767905 
Transport TV(1) TV(2) TV(3)x10 TV(4)x10 TV(5)x10 TV(6)x10 
numbers 0.327162 0.455906 0.518754 0.801553 0.325000 0.524004 
AA(J)= AA(1) AA(2) AA(3) AA(4) AA(5) AA(6) 
2 3.64150 11.4719 6.69509 8.33844 5.12593 15.5703 ~ wi (X) 
(X) 
AJ A1 =42.5171 A2=39.5527 A 3=33. 8807 . A4=38. 2896 A5=29. 1237 A 6=46.9315 
SQ( 1 )x10 4 SQ(2)x105 SQ(3)x10 4 SQ(4)x104 -SQ (5 )x1o"4 
SQ(p) 0.6461 0.9892 0.2296 0.2344 0.1222 
X= <l 
P 
X1=4. 888 X2=15.26 X3=7.290 X4=9.078 X5=5.907 
Q(1) Q(2) Q(3) Q(4) Q(5) 
Q(p) - 0.3946 0.4569 0.5095 0.5330 0.4837 
C(7)=0.942621x10-5, C(B)=0.172096x10-7 
L (experimentally)=63.B11, L i (calculated)=63.8359, SS(AFO.6197x10-3at Ra2.4~. 
equiv. equ v. 
Table 5.35 Results of Set number (5) from Mixture (B), Experiment (i) 
where CONC1(SrC12)=8.1861 24x10-4, CONC2(NaN03)=2.689806x10-
3
, L i =68.966 equ v. 
C( 1 )x10' C(2)x10 2 C(3)x10 4 C(4)x102 C(5)~103 C(6)x102 
Concentrations 0.113912 0.156250 0.354657 0.251679 0.557316 0.177490 
Activity ACT (1 ) ACT(2) ACT(3) ACT(4) ACT(5) ACT(6) 
coefficients 0.442797 0.815739 0.815739 0.815739 0.815739 0.815739 
Transport TV(1)x10 TV(2) TV(3)x10 2 TV(4) TV(5)x10 TV(6) 
numbers 0.39910 0.242913 0.421211 0.333582 0.579163 0.321466 
AA(J)= AA(1) AA(2) AA(3) AA(4) AA(5) AA(6) ~ 
w~ co 3.64150 11.4719 6.69509 8.33844 5.12593 15.5703 \.0 
~ 
AJ A1 =46 .0477 A2=46.8385 A 3=35.0278 A =39.3628 4 A 5=30.3234 A6=54.9032 
SQ (1 )x1 04 SQ(2)x104 SQ(3)x10 2 SQ(4)x10 4 SQ(5)x10 4 
SQ(p) 0.4032 0.1031 0.1057 0.1284 0.5597 
X= ex P X1=3.862 X2=13.77 X3=6.7
12 X4=9.990 X5=5.467 
Q ( 1 ) Q(2) Q(3) Q(4) Q(5) 
Q(p) 0.6108 0.4554 0.5525 0.4949 0.5694 
C(7)=0.111899x10-3 , C(8)=0.93083x10-8 
L (experimentally)=68.966, L . (calculated)=68.9465, SSe It ) =0.3806x10-3 at R=8.8~. 
equiv. equlV. 
Table 5.36 Results of Set number (8) from Mixture (B), Experiment {j) 
where CONC1(SrC12)=12.38646x10-4, CONC2(NaN03)=3.911028x10-
3
, L i =64.827 equ v. 
C(1)x10 3 C(2 )x102 C(3)x10 4 C(4)x102 C(5)x10 3 C(6)x102 
Concentrations 0.146105 0.234237 0.576483 0.359362 0.826259 0.242736 
Activity ACT(1) ACT(2) ACT(3) ACT(4) ACT(5) ACT(6) 
coefficients 0.374326 0.782190 0.782190 0.782190 0.782190 0.782190 
Transport TV (1 ) x10 TV(2) TV(3)x10 2 TV(4) TV(5)x10 TV(6) 
numbers 0.359474 0.255727 0.480803 0.334485 0.602983 0.308734 
AA(J)= AA( 1) AA(2) AA(3) 'AA(4) AA(5) AA(6) 
of ~ 3.64150 11.4719 6.69509 8.33844 5.12593 15.5703 U) 
1 0 
AJ 1.1 =43. 4591 1.2=45.6985 1. 3=34.0054 1.4=38.2788 1.5=29.3625 1.6=53.6440 
SQ(p) SQ(1)x10
5 SQ (2 )x10 4 SQ(3)x10 2 SQ (4)x10 4 SQ (5 )x10 4 
0.5657 O. 1503 0.1044 O. 1995 0.2008 
x~ Ct. p X1=3.838 X2=13.85 X3=6.7 15 X4=9.967 X5=5.472 
Q(1) Q(2) Q(3) Q(4) Q(5) 
l~ (p) 0.6114 0.4548 0.5525 0.4954 0.5691 
C (7):0. 208605x1 0 - ~~C(8) =0. 190254x1 0-7 
L . (experimentally)=64.827, L i (calculated)=64.7645, SSe It )=0.3904x10-2 at R=7.0~. 
equlV. equ v. 
Table 5.37 Results of Set number (12) from Mixture (B), Experiment {k) 
where CONC1(SrC12)=18.24944x1 0-4, CONC2(NaN03)=4.969913x10-3, Lequiv.=60.737 
C( 1 )x10,-_uC(2 )X102 C(3)x103 C(4)x102 C(5)x10 2 C(6)x102 
Concentrations 0.209850 0.341410 0.104289 0.451367 0.118786 0.281142 
Activity ACT(1) ACT(2) ACT(3) ACT(4) ACT(5) ACT(6) 
coefficients 0.323472 0.754152 0.754152 0.754152 0.754152 0.754152 
Transport TV (1 )x10 TV(2) TV(3)x10 2 TV(4) TV(5)x10 TV(6) 
numbers 0.397942 0.287280 0.670388 0.323805 0.668132 0.275604 
I 
AA(J)= AA(1) AA(2) AA(3) AA(4) AA(5) AA(6) ....... 
2 \..0 
w. 3.64150 11.4719 6.69509 8.33844 5.12593 15.5703 ....... 
l 
AJ A1 =41 .2700 A =44.7006 2 A3=33. 12 43 A =37.3469 4 A5=28.5390 A6=52. 5389 
SQ (1 )x10 4 SQ(2)x105 SQ(3)x10 3 SQ(4)x104 SQ(5)x10 4 
SQ( p) 0.2613 0.7854 0.6063 0.2398 0.1308 
X= a 
P 
X1=3.853 X2=14.04 X3=6.723 X4=9.894 X5=5.509 
Q ( 1 ) Q(2) Q(3) Q(4) Q(5) 
Q(p) 0.6089 0.4507 0.5465 0.4941 0.5660 
C(7)=0.322893x10-3 , C(8)=0.370568x10-7 
L . (experirnentally)=60.737, L . (calculated)=60.7402, SS(A)=O.1030x10-4 at R=6.0~. 
equlV. equlV. 
Table 5.38 Results of Set number (10) from Mixture (B), Experiment (1) 
whereCONC1(SrC12)=15.92063x1 0-4, CONC2(NaN03)=1.990439x10-
3
, L i =60.536 equ v. 
C(1)x103---- C(2)x102 C(3)x103 C(4)x102 C(5)x103 C(6)x1-0 3 
Concentrations 0.430918 0.292973 0.204441 0.189416 0.875698 0.906408 
Activity ACT(1) ACT(2) ACT(3) ACT(4) ACT(5) ACT(6) 
coefficients 0.359855 0.774519 0.774519 0.774519 0.774519 0.774519 
Transport TV(1) TV(2) TV(3)x10 TV(4) TV(5)x10 TV(6) 
numbers 0.132790 0.400605 0.213559 0.220816 0.800409 o. 144392 
AA(J)= AA( 1) AA(2) AA(3) AA(4) AA(5) AA(6) ~ \..0 2 3.64150 11.4719 6.69509 8.33844 5.12593 15.5703 N wi 
"J "1 =41 • 1711 " =43.3650 2 "3=33.6570 "4=37.9686 "5=28.9964 "6=51 .1220 
SQ (1 )x10 4 SQ ( 2 ) ~1-()4 SQ(3)x105 SQ(4)x10 4 SQ(5)x10 4 
SQ (p) 0.4075 O. 1636 0.5922 0.2544 O. 1551 
X= ex P X1=4.
242 X2=14.76 X3=6.828 X4=9.542 X5=5.746 
Q ( 1 ) Q(2) Q(3) Q(4) Q(5) 
Q(p) 0.5773 0.4248 0.5190 0.4780 0.5403 
C(7)=0.809455x10- 4 , C(8)=0.247026x10-7 
L . (experimentally)=60.536, L i (calculated)=60.4996, SS(A)=0.1323x10-2 at R=3.6~. 
equlV. equ v. 
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The following Tables (5.39-:5.44), show the SS(.\) values 
obtained, at the best-fit R values, for each set of data 
of all the experiments done for the Mixture (B): srC12+NaN0 3 • 
As before R is an average distance of separation for all 
the ionic species present. 
Table 5.39 
Experiment (g): 
Lexpt • SSe A ) R/~ 
r 
~ , 
( 1 ) 84.619 84.6018 0.00029 19~0 
(2) 77.951 77.9583 0.00005 13.8 
(3) 73.257 73.2559 0.00000 9.0 
(4) 69.989 70.0318 0.00183 6.6 
(5) 67.644 67.6495 0.00003 5.0 
(6) 65.681 65.6408 0.00162 3.8 
(7) 64.351 64.2613 0.00805 3.4 
(8) 63.314 63.2847 0.00086 3.4 
(9) 62.435 62.4780 0.00185 3.4 
(10) 61.636 61.8096 0.03015 3.4 
( 11 ) 61 .027 61 .2082 0.03282 3.4 
(12) 60.501 60.6948 0.03755 3.4 
Experiment (h): 
( 1 ) 
(2) 
(3) 
(4) 
(5) 
(6) 
(7) 
(8) 
(9) 
(10) 
( 11 ) 
L expt. 
82.604 
75.183 
71.379 
69.520 
68.003 
67.062 
66.355 
65.536 
64.929 
64.347 
63.811 
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Table 5.40 
L 
calc. 
82.6046 
75.2021 
71.4756 
69.5157 
68.1295 
67.0394 
66.4283 
65.4215 
64.9802 
64.2433 
63.8359 
SS(A) 
0.00000 
0.00036 
0.00932 
0.00002 
0.01601 
0.00051 
0.00537 
0.01310 
0.00262 
0.01075 
0.00062 
R/~ 
11 .2 
3.6 
2.8 
2.8 
2.8 
2.8 
2.2 
2.0 
2.2 
2.2 
2.4 
Experiment (i): 
Lexpt • 
(1 ) 83.560 
(2) 78.722 
(3) 74.698 
(4) 71.513 
(5) 68.966 
(6) 66.820 
(7) 65.083 
(8) 63.485 
(9) 62.227 
(10) 61.065 
( 11 ) 60.139 
(12) 59.342 
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Table 5.41 
L calc. 
83.5394 
78.7238 
74.6973 
71.5266 
68.9465 
66.8202 
65.1377 
63.4431 
62.2394 
61.1755 
60.2056 
59.2847 
ss (It ) 
0.00043 14.4 
0.00000 13.6 
0.00000 12.0 
0.00018 10.4 
0.00038 8.8 
0.00000 7.6 
0.00299 6.8 
0.00176 5.6 
0.00015 5.2 
0.01220 4.8 
0.00444 4.4 
0.00328 4.0 
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Table 5.42 
Experiment (j): 
sse A) 
(1 ) 81.609 81.6530 0.00194 11 .8 
(2) 78.276 78.2331 0.00184 11.4 
(3) 75.253 75.2245 0.00081 11 .0 
(4) 72.586 72.5402 0.00210 10.2 
(5) 70.286 70.3452 0.00350 9.8 
(6) 68.232 68.1848 0.00223 8.6 
(7) 66.448 66.3888 0.00351 7.8 
(8) 64.827 64.7645 0.00390 7.0 
(9) 63.461 63.5018 0.00167 6.6 
(10 ) 62.258 62.3485 0.00820 6.2 
(11 ) 61.107 61.0857 0.00045 5.4 
(12) 60.128 60.0982 0.00089 5.0 
Experiment (k): 
(1 ) 
(2) 
(3) 
(4) 
(5) 
(6) 
(7) 
(8) 
(9) 
(10 ) 
(11 ) 
(12) 
L expt. 
79.606 
76.908 
74.456 
72.314 
70.303 
68.494 
66.871 
65.412 
64.090 
62.865 
61.762 
60.737 
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Table 5.43 
L 
calc. 
79.5370 
76.8427 
74.4407 
72.3828 
70.2402 
68.4609 
66.8803 
65.4662 
64.0177 
62.8225 
61.7457 
60.7402 
SS(A) 
0.00476 
0.00427 
0.00023 
0.00474 
0.00395 
0.00110 
0.00009 
0.00294 
0.00523 
0.00181 
0.00027 
0.00001 
10.0 
10.0 
10.0 
10.0 
9.2 
8.8 
8.4 
8.0 
7.2 
6.8 
6.4 
6.0 
Experiment (1): 
Lexpt • 
(1) 83.798 
(2) 78.060 
(3) 73.682 
(4) 70.249 
(5) 67.679 
(6) 65.512 
(7) 63.841 
(8) 62.523 
(9) 61.552 
(10) 60.536 
( 11 ) 59.850 
(12) 59.248 
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Table 5.44 
L calc. 
83.7890 
78.0526 
73.6604 
70.2089 
67.6685 
65.5082 
63.7546 
62.4444 
61.5787 
60.4996 
59.8627 
59.3069 
SS( A ) 
0.00008 13.6 
0.00005 12.0 
0.00046 9.6 
0.00161 7.6 
0.00011 6.4 
0.00001 5.2 
0.00746 4.4 
0.00618 4.0 
0.00071 4.0 
0.00132 3.6 
0.00016 3.6 
0.00347 3.6 
Table (5.45) shows the summation of the total concen-
• 
tration, of both the positive ionic species present in the 
mixed electrolyte solution (2{sr2+}+{SrCl~ + {Na+} + 
{SrNO;} ) and the negative ionic species ({ Cl- } + {NO;} ). 
for the typical examples shown in Tables (5.3 1-5.38). 
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Table 5.45 
Total concentration Total concentration Data from 
of the po si ti ve ions of the negative ions 
Table 5.31 1 • 482 65 5 x 1 0 - 3 1.482657x10-3 
Table 5.32 O.876419x10-3 O.876418x10-3 
Table 5.33 2.058251x10-3 2.058248x10-3 
Table 5.34 3.284507x10-3 3.284502x10-3 
Table 5.35 3.337396x10-3 3.337400x10-3 
Table 3.36 4.769737x10-3 4.769730x10-3 
Table 3.37 6.225519x10-3 6.225520x10-3 
Table 5.38 3.836135x10-3 3.836138x10-3 
The summation of the total transport number for the ionic 
species (TV(Sr2+) + TV(CI-) + TV(SrCl+) + TV(Na+) + TV(SrNO;) 
+ TV(NO;» is shown in Table 5.46 for the previous data 
in Tables (5.31-5.38). 
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Table 5.46 
Data from Total transport number 
Table 5.31 0.9999990 
Table 5.32 1.0000001 
Table 5.33 0.9999994 
Table 5.34 0.9999991 
Table 5.35 0.9999995 
Table 5.36 0.9999997 
Table 5.37 1.000003 
Table 5.38 0.9999998 
Comparing ionic and stoichiometric concentrations, in 
-1 ( mole I : For the set number 1)in Mixture (B), Experiment (g) 
CONC1 = {SrCl~ = 1.631013x10-4, CONC2 { NaN0 3 } = 1. 369732x10 -
3 
i.e. {Sr2+} 1.631013x10-4 - 3.262026x10-4 = , { Cl } = 
and { Na +} = 1.369732x10-3 , {NO; } = 1.369732x10-3 
As can be seen from the previous analysis of the data 
the concentration of each ionic species is:-
{Sr2+} = 0.263339x10-4, {CI-} = 0.318997x10-3 , 
{SrCI+}= 0.230536x10-5 , {Na+} = 0.131121x10-2 , 
+ -3 - -2 { SrN0
3
} = O. 116467x10 ,and {N0 3 } = O. 116366x10. 
The concentrations of the non-ionic species are: {Sr(N03)d = 
4 -9 O.179923x10- ,{SrN03CI} = O.465547x10. 
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O.179923x10- 4 + O.465547x10-9 
= 1.630986x10-4 
= {C 1 - } + { S rC 1 +} + {S rN 0
3 
C l} 
=O.318997x10-3 + O.230536x10-5 + O.465547x10-9 
= 3.213024x10-4 
= 1.311210x10-3 
= {NO;} + {SrNO;} + {Sr(N0
3
)1 + {SrN0
3
Cl} 
= O.116366x10-2 + O.116467x10-3 + 0.179923x10- 4 + 
O.465547x10- 9 = 1.298119x10-3 in reasonable agreement. 
4.3 Consideration of the R parameter 
As in section 3.4, we begin by considering the effect of 
variation of R on the properties of the ionic species present 
in this mixture. (Tables 5.47-5.50). 
For this mixture the J values decrease with increasing 
t . 2+ / + ra 1.0 {Sr } {N a } or {sr2+}/ {NO;} ; their values are 
generally higher than in Mixture (A). Because of the greater 
tendency of to form ion pairs i.e. larger K 
assocn. ' 
the system is more complicated than the mixture ( EaS1 2+KBr). 
The greater tendency of 
or C(6) and increases 
{I:O-} to associate, reduces 3 
{C 1 - } / {NO-~. Al tho ugh { ;i a +} and 
{NO;} are added in stoichiometric eCiual amounts, more L;O; } 
is lost by complexing, and {sr2~ / {NO;~ becomes more tha~ 
{Sr2+}j{ Na+}. This is shown in Fig. 5.~ where the best-fi~ 
Lble 5.47 Effect of variation of the distance parameter (R) on the concentration of each ionic 
and non-ionic species present in Set number (1) from Mixture (B), Experiment (g). 
R/~ 
3.0 
5.0 
7.0 
9.0 
11 .0 
13.0 
15.0 
17.0 
* 19 • .0 
* 
c(sr2+) 
x104 
0.298559 
0.292787 
0.287527 
0.282663 
0.278203 
0.274050 
0.270222 
0.266661 
0.263339 
Best-fit value. 
C(01-) 
x103 
0.319388 
0.319327 
0.319270 
0.319218 
0.319168 
0.319122 
0.319078 
0.319036 
0.318997 
c(srCl+) 
x10 5 
0.225146 
0.226045 
0.226880 
0.227617 
0.228310 
0.228922 
0.229505 
0.230041 
0.230536 
C(Na+) 
x10 2 
0.131494 
0.131436 
0.131383 
0.131333 
0.131285 
0.131241 
0.131199 
0.131159 
0.131121 
C (SrNO;) 
x10 3 
0.114470 
o • 11 4811 
0.115116 
0.115396 
0.115648 
0.115881 
0.116093 
0.116287 
0.116467 
C(NO;) 
x102 
0.117198 
0.117067 
0.116945 
0.116831 
0.116726 
0.116627 
0.116534 
0.116447 
0.116366 
C(Sr(N03)2)_ 
x1'0 4 
0.165202 
0.167480 
0.169605 
0.171600 
0.173468 
0.175228 
0.176884 
0.178446 
0.179923 
c(srN03Cl) 
x10 9 
0.424741 
0.431036 
0.436956 
0.442455 
0.447655 
0.452498 
0.457101 
0.461444 
0.465547 
f'\) 
0 
f'\) 
Table 5.48 Effect of variation of R on the activity coefficient of each ionic 
species present in Set number(1)from Mixture (B), Experiment (g). 
R/~ ACT(Sr2+) ACT(CI-) ACT(SrCl+) ACT(Na+). ACT(SrNO;) ACT(NO;) 
3.0 0.524690 0.851091 0.851091 0.851091 0.851091 0.851091 
-, 
5.0 0.537373 0.856148 0.856148 0.856148 0.856148 0.856148 
7.0 0.549220 0.860868 0.860868 0.860868 0.860868 0.860868 
9.0 0.560577 0.865284 0.865284 0.865284 0.865284 0.865284 
11 .0 0.571386 0.869426 0.869426 0.869426 0.869426 0.869426 
13.0 0.581685 0.873317 0.873317 0.873317 0.873317 0.873317 
15.0 0.591508 0.876981 0.876981 0.876981 0.876981 0.876981 
17.0 0.600887 0.880437 0.880437 0.880437 0.880437 0.880437 
* 19.0 0.609851 0.883702 0.883702 0.883702 0.883702 0.883702 
* Best ... fit value. 
N 
0 
VI 
Table 5.49 Effect of variation of R on the transport number of each ionic species 
present in Set number(1)from Mixture (B), Experiment (g) 
R/~ 
3.0 
5.0 
7.0 
9.0 
11 .0 
13.0 
15.0 
17.0 
19.0 
* 
* 
TV (Sr2+) 
x10 
0.227978 
0.223809 
0.220005 
0.216483 
0.213249 
0.210234 
0.207453 
0.204862 
0.202444 
Best-fit value. 
TV (Cl-) 
0.108218 
0.108313 
0.108400 
0.108482 
0.108558 
0.108629 
0.108696 
0.108758 
0.108816 
TV' (SrCl +) 
~103 
0.582781 
0.585733 
0.588476 
0.590931 
0.593236 
0.595303 
0.597265 
0.599082 
0.600769 
TY(Na+) 
0.379848 
0.380088 
0.380308 
0.380512 
0.380701 
0.380877 
0.381040 
0.381192 
0.381334 
TV (SrNO;). TV (NO;) 
x10 
0.259264 0.462628 
OAa260313 0.462601 
0.261262 0.462576 
0.262138 0.462553 
0.262935 0.462530 
0.263677 0.462508 
0.264356 0.462487 
0.264985 0.462467 
0.265569 0.462447 
N 
0 
.f:>. 
Table 5.50 Effect of variation of R on the equivalent conductance of each ionic 
species present in Set number~)from Mixture (B), Experiment (g). 
R/~ Asr2+ >01- ASrd1+ ANa+ ASrBr+ ABr-
3.0 46.5045 47.3547 35.7733 40.1721 31 .0074 55.5161 
5.0 47.6136 47.7473 36.0229 40.4301 31.2425 55.9398 
, 
7.0 48.4204 48.0398 36.2169 40.6324 31.4270 56.2555 
9.0 49.0758 48.2810 36.3812 40.8047 31.5845 56.5155 
11 .0 49.6418 48.4908 36.5263 40.9580 31.7244 56.7417 
13.0 50.1487 48.6790 36.6580 41 .0975 31.8520 56.9446 
15.0 50.6182 48.8523 36.7796 41.2272 31.9706 57.1313 
17.0 51 .0648 49.0149 36.9491 41.3492 32.0821 51'i 3063 
"* 19.0 51.4932 49.1696 37.0618 41.4651 32.1890 57.4725 
* Best-fit value. 
rv 
0 
U1 
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R values are plotted against C(1)/C(6) and C(1)/C(4), and 
also in: 
Fig. 5.5 which is a plot of the concentrations of each 
ionic species in this mixture against the mole fraction of SrC1
2
• 
4.4 The 'mixture' effect upon L . 
equl.v. 
To compare the L . of each mixture solution with the equl. v. 
simple addition of the electrolytic conductances we proceed as:-
-1 -1 
m1 moles.l/ of SrCl2 •••• C1 = 2m1 equiv.l. and 
-1 
m2 moles.l of NaN0 3 •••• 
. -1 C2 = m2 equl.v.l. 
L . (mixed soln.) = 1 000 ( ~ 1 + cf 2 ) 2 -1 . -1 cm ohm equl.v. equl. v. 
e.g. for Set number (1), Expt. (g) from Mixture (B):-
m1 = 1.631x10-
4 :. C1 = 3.262x10-
4 
-4 m2 = C2 = 13.697x10 and L . (expt.) = 84.619 e9 Ul v. .- . 
from the plot of AC against JC of single electrolyte 
solutions, at these concentrations, 
ASrCI = 92.4 and ANaNO = 94.9 2 3 
C1 A 1 -4 3.262x10 x92.4 
= 30. 141 x1 0 (J SrCI = = ~ 
. . 2 1000 1000 
-6 
C2 A -4 129.985x10-6 2 13.697x10 x94.9 = and c1 NaNO = = 3 1000 1000 
. . fS soln. 
-6 
= tf + = 1 60 • 1 2 6x 10 SrCl2 ~ NaN° 3 
1000 ( d SrCl + ~ NaNO ) 
___________ 2 3-
C1 + C2 
Lequiv. = 
15.0 
)f 
Fig. 5.4 x {Sr2+} /{ Na +} ,. 
13.0 
• {Sr2+} /{ NO; } 
X· 
11 .0 
x • 
9.0 t x • 
R/~ 
I x • 
7.0 
x • 
x • 
5.0 x )( 
)( 
)( 
3.0LI ________ ~------~--------~------~--------~------~--------~------~ 
0.0 0.05 0.10 o • 15 0.20 
{Sr2+} /{ Na +} 
2+ -{Sr }/ { N0 3 } 
0.25 0.30 0.35 0.40 
N 
0 
-.J 
-3 2 .Ox1 0 
~ 
o 
.~ ..-
+'1 
ro ~ 
~ . 
+' Q) 
s:1 ~ 
Q) 0 
o S 
s:1 
o 
o 
1.0x10-3 
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Fig. 5.5 
Mixture (SrC1 2+NaN0 3 ) 
2+ {Sr } 
r 
l=~::::::=1~====~==~~------OO~.~~------(0~.~5~-----O~1 0.3 0.2 O. 1 XSrC12 
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Lequiv. 
1000x160.126x10-6 
= {3.262+13.697)x10-4 
. L . 
.• equl v. = 94.412, about 11.6% greater than the experi-
mental value. 
Alternatively, we can calculate the equivalent conductance 
for each electrolyte at the ionic strength of the mixed elec-
trolyte solution:-
Ionic strength = ({3x1.631) + 13.697 ] x10-4 
4 -1 18.590x10- mole.l. = 
AsrCl2 = 84. 2 and A = 95.2 NaN° 3 
C1 A1 3.262x10-4x84.2 -6 and a = = = 27.466x10 SrCl2 1000 1000 
C2 A2 13.697x10-4x95.2 
= 130.395x10-
6 
a NaNO = = 3 1000 1000 
. . asoln • 
= {27.466 + 130.395)x10-6 = 157.861x10-6 
• L . (mixed soln.) = 157.861X10-
6X1000 
16.959x10~4 = 93.084 , f • equl.v. 
which is 10.0% higher than L expt. • 
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Conclusion 
The applicability of the LW equation to the interpretation 
of conductance data for symmetrical and unsymmetrical electro-
* lytes, in single and in mixed solvents, has been tested. The 
KA values, and the AO 's for single ions and for charged ion-
+ pairs such as SrCI , are as would be expected, and appear 
reasonably constant from one system to another. However, the 
R-values show some considerable variations within a series, 
and their main significance is in distinguishing contact and 
solvent-separated ion-pairs. 
From the KA and 
o A data for the appropriate single elec-
trolytes, the conductances of mixed-electrolyte solutions can 
be interpreted, so as to obtain the concentrations and conduc-
tances of all the species present in solution. In this case 
the R-value changes with composition, being a weighted mean 
distance of separation for all the ionic species. 
* 
The equation has been shown to apply to aqueous solutions 
of MgSO 67 and of other 2:2 salts68 in very careful analy-
tical s~udies by Pethybridge et ale 
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Appendix 1 
C PRCGRM~t':E FCR ANALY~IS CF CA'"'"A F R 
C rl.c .. C rl IXEI: ELEC:-F.CL'./~';' (L.l~3). ; DS 17 I 1 C I -: 0 . -
C r-lASTER ~EG!:ErIT 
DOUBLE PREC IS TCN K 1, K2, K: ,K4 
III PU e IT COUELE PREC IS IC tI C A-H C-2) 
D!TEGER S, PP 
CC~t10: ~:-,DKT,rETA,T}.U,K1,K2,K:,Kl! A IZU) XLCCr..) C~~~"'T 
D I ~E N ~ ::: eND ,\ T A ( 7 0 , ~) -" v, v, - ' .. 1 \ L • 
S=6 
CALL TNeUA(' n:PUT t OR 5 ',I::) 
R EAD( I,') I ~~R 
CALL TrlCUC'INPUT TE~iP, D1EL, ETA:',22) 
READ( It;R,') TE}~P, CIEL, ETA 
C I r:plJI' Z I Ar;D LAP.C (I) 
CALL T~:OU( 'INPUT CHARGE~ &t LA~~BDA~:', 24) 
R Eft. C ( IN R , I ) ( 1Z ( I) , XL C ( 1) , ::: = I ,6) 
C D!PUT K I M·D K2 Am K; At:D K4 
CALL n:ou( '!!:PUT KI,K2,K::,K4:', Ie) 
R EA D ( It: R , • ) K I, K 2 , K:; , K 4 
DT=DIEL IT E~P 
DSCRCT=DSCRT( DT) 
DKT = DT* I. ~cCG22D-16 
BETA =2. :;07 12 1056D- 19/DKT 
TAU=I .64C266~D-2/ETA 
CALL n:OU('1NPUT NO. CF porr:TS', 19) 
R EA D ( I ~: R , • ) P P 
C Il~PlJ7 EXP DATA 
CALL n:cu('!r-.;PUT EXP. DATA:', 16) 
DC lS9 I=I,PP 
REA C( ::: r:R, * )( DATA ( I , J) , J = I , ::) 
199 CCf{T nlUE 
!3S=O.O 
PA=O.O 
DO 2 ~: =li 2,5 C, I 
A=FL(ATC~)* I.CD-2/10.C 
DC I IL",;= I, PP 
cere 1= ~'; T,,,-, :::L~,: , 1) 
CC"C~ ~'T'(IU.· ~) , , t:. = _:, 1 i~. 1 , c:.. 
EC "L ..... T' ( T L"' -) v = _"n .l~l ~ I~",,: 
C ~ L L C ~ 11.. ,. 'v' ( F T ,. L • r-' rIFF C ""1 C I ce t • C ~ r r , '" ) n h .. ..J., _ I. J\ I, • \, d • it c.. ,'--' L, ...... 
Ccr!TI~;UE 
\:F ::TE ( I, IGO)A 
1 Co FeR}: A T (S I 0 • :: ,F 1 0 • II ) 
2 ccrn:!:~:UE 
Et!D 
S UCRCUTIt:E CA U. A:,I (F: ::U.:: ,I;:~FF ,cer; C t ,CU; C2 ,EC L'L) 
DCUCLE PREC:.3 IC~ LfJ·:C (6), LG~:( 5), LH'( 6), K 1, K2, K::, KL;, K 
I~lPUCIT DCU[3LE PREC:ISION (A-Il,C-Z) 
IrJTEGER P 
D Ir-~ r; SIC ~ r, C T( 2 C) , C ( 6 ) • )1! ( C ) , E ( 6 ) , E ~ «( ) , ',; ( 5 ) , 
lTV (6), U(~), ALPHA( 6). C(5), O! (G), CKJ,( S), PYJ..( (), Cl;PU:). c::--r:.:U) , 
~ 0; P;: ( (; ) , C A ~ ( G ) , CP! ( 6 • ( ) , :- YE ( ~ ) , T Y: ( G ) , X I ( f , C ) , P ~ 1 (!: ) • F:;: ( C ) 
:3 , PI: (6) , P 15 ( 6 ) , PI:'; C ~ ) , V I ( ~ ) , V 2 C C ) , C 1 (C ) , c;: ( G ) , r::: ( 6 ) , c L, ~ ~ ) , 
1; C~ (6) , C7 ( C) , CS « ) , CG (6.0 • PIC G (6 , E) , H ( G , C ) , C( C , S) , [( G , ( ) , 
5AA(G),C2(G),::CCG),CA(C) 
C rr,~ r'cr: DT, [KT ,E E: A , :-idJ , K 1, Y.;: • T< ? , r. L; , f , T: ( C) , XL C ( C. ) , ::::::? :::-
EX P:: NT (X)= S EX P( X) * ( -C. 57721 :;G65 -: LC G (X )-X * X' XI I ~. I-X I ·'i / ~ E • ::) 
DC 999 1=1, t· 
LM1C' (I) =XLCC:) 
S99 cCr:Tn;UE 
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3 CC~T:!:rWE 
C CALCUL:'Tlcr: CF El~CH lC~:IC SPEC ~E~ 
x=ccr;c 1 
y=ccr.;c 11K 1/1(2 
7 XX =X * * :+X' X*( K l+K ~+K I *K2* (Cct:C 1+CCr:C2) )/K 1I::2+X * (CC::C 1. 
lK 1 +K2* (CCNC2-CCflC I )+ I. C )/K 1IK2 
IF(XX.GT.Y)GCTO 8 
GCTC 9 
e X=X-X/ICOOOO.o 
GOTO 7 
9 C( 1)=X 
DC 93 I=l.G 
93 ACT(I)=I. 
C(4)=CCNC2 
309 C(2)=2.0*cnJclI( l+(Y.I'C( I)*ACT( l)'r'.C:(2»/!,C'I'(::)+:{4* 
1 C ( 4) * ACT ( 4 ) * ACT ( 2 ) ) 
C ( 3) = ( K 1 ¥ C ( I) * A CT ( I) * C ( 2 ) * A CT ( 2 ) ) I I~ C· ( ~ ) 
C ( 6 ) = c ct: C 2 I ( 1 • + ( K ~ * C ( 1) * ACT ( 1) * ACT( 6 ) ) If, CI ( 5 ) + K : • C ( 4 ) * 
lACT(4)*ACT(6» 
C ( 5 ) = ( K 2 * C ( I) * ACT ( 1)' C ( 6 ) * ACT ( 6 ) ) I ACT ( ') ) 
C( 4)= CCtlC21 ( I .+K4'C( 2) *AC7( 2) fACT( 4 hie: IC( 6) *ACT( 6).A C7( 4» 
C 11=CCt,!C l-C( 3)-C( 5) 
C CALCULATION OF AC'I'IVI1Y CCEFF1C:Er;T 
5 CGAr. = 0.0 
DC 200 I = 1,6 
200 CGA~ = CGAN + C(1)*1Z(1)*IZ(1) 
K = 3.55614:D+9*D~CRT(CGAI!)/D~CRDT 
00 2911=1,6 
291 ACT(I)=EXP(-1.1535D-l~*K"IZ(I)**2/DKT/( 1.+!:'A» 
XY=(C( 1)-Cl1)"2 
IF(XY.GT.(Cll1ICOOCOO.» GCTC :C2 
IF(Df~E':(C( 1)-Cl1).LT.(Cl1/10CO.» GaTe ~o7 
308 C( I)=C 11 
GOTC 309 
3C7 T= K* A 
BK = EE1A*K 
TT I: I.+T 
TT2:1. + T + 1*T/2 
TT;= I.+T + T*T/3 
TK :TAU*K 
DCll ~!:1,6 
XN(V) = C(r)*6.0222D+2C 
EO:) =4 .80:25D-IC*FLC.~TC::Z(F» 
E2(t!) = xfHn *EOi) *ECr:) 
II Wo-~) = 3. lC70cG2G1D-:*Lfd-'CU:)/DAE~CECn) 
D = 0.0 
DC 2C 1 J: 1 ,6 
201 D = D+ E2(J) 
\-; r.r:o .0 
DC 202 J: 1 J; 
2C2 WRE: .JRE + E~(J)~',i(J) 
WIn; = ~':RC/:::; 
DO 12 J = 1.6 
TV(J) = E2(J)*~(J)/hr.C/C 
12 U(J)= E2(J)/0 
THETf..=O.O 
T r£ T f, C: C • C 
DO 2C-:' J=I,C 
T I IE TA ~ Tl!E TA + U C J ) • I Z ( J ) 
20:; TEETA:;=T!-!E1AC + U(J)*:Z(J)·I:(J) 
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DC 92 J= 1,6 
92 AA(J):~l(J)*H(J)*( l.eD-Ie;) 
DO =:0 P =2 ,6 
~4C 
349 
L=P-I 
SC(P)=o.o 
X=AA(L)+.OCCCI 
DO ;49 J = I ,6 
OA(J)=AA(J)-X 
Q2(J)=TV(J)/CA(J) 
sc ( P ) = sc ( P ) + C 2 ( J ) 
1F(SC(P).GT.0.C) GOTa 
SC(P)=o.o 
X=X+. COO 1 
GOTC ~40 
3:0 ALPHA (P):X*I.CD+IG 
997 COrJTIrWE 
00 1: P=2,6 
O(P) = 0.0 
GC=O 
DO 205 J=I ,5 
320 Q I = W(J)*W(J) - ALPHA(P) 
Q(P) = O(P) + WRE*TV(J)*W(J)/Ql 
205 QC=CQ + TV(J)'\:(J)*W(J)/Q1/QI 
300 IF ( Q ( P) • L 1. 0 • 0) C C P ) = 0 
~60 QH(P) = DSCRT(Q(P» 
OY.A(P): I. + QH(P)*T+ Q(P)*T*T/2. 
PKA(P) = 1. + QH(P)*! 
elf P ( P) = 1. + Q~! ( P) 
CHM ( P) = 1. - Qf! ( P) 
QflP2(P)= 2. + CH(P) 
o PP. ( P) = I. - Q ( P) 
LG~:(P) = 1./D~CRT(QQ) 
DC 1!J 1=1,6 
14 CHI(P,I)=LGt!(P)*\i(~)/nl(I)*vi(I) - ALPHA(P» 
TXE(P)=O.C' 
DO 206 J = I ,6 
206 T XE ( P) = TXE ( P) + TV ( J ) "ct;: ( P, J) * E ( J ) 
I; TXZ(P)=TXECP)/4.0C;25D-10 
DO l.!4 1=1,6 
DC 44 J = 1.6 
44 Xl(J.:::) = U(I)*(lZ(I)*H(I) - IZ(J)",HJ»/(;:(I) + iJ(J» 
DC 15 J=I,c. 
PI t(J)=O.C 
PI2(J)=0.C 
PI:: (J) = O. C 
PI5(J)=0.0 
PIG(J)=O.C 
C02071=I,G 
PI 1(J)=PII(J) + X::(J.I) 
PI2(J)=PI2(J) + IZ(J)'XI(J,:::)*IZ(I) 
PI;(J)=PI~(J) + XI(J,I)*(:::Z(:) + IZ(J») 
PI5(J)=P:::5(J) + XI(J,:::)/IZ(:) 
207 PI£(J)=PIG(J) + U(I)~(:::Z(I) - :::Z(J»/n:(:::) + ~;(J» 
15 V2( J)=o. 0 
DC 16 P=2.6 
C 1(P)=( 1.0 + C~!P(P)*T/2.)/<::.C~!I~I:F(P)·'I';~·'::~\(P» 
C 2 (P) = - (EX P::: ;;1 C CH P 2 (P) "T) + 0.5) I (Go II ';11"-:-: I":: ;-:i. ( P) ) 
C: ( P) = T f!ET;' * DLC G ( 3. I QH P2 ( P) ) I ( c • • TTl 'T T ,':: ~:;. ( r )* c; p+< ( P) ) 
CLJ(P)=-:TETA*TI:ETA*(lJ .Cf'DLCG(:.C/C~P~(P»/~F'~(P) + O.f.(~t· 
1 CH P ( P) ICH P2 ( P) ) 1211. n/TT 1 17T 1 I:;V.A ( p) 
,- - , -..' -, ..... \-",,:1 ........... - 214 -
CS(P)=-«-CPt-1(P) - QH(P)/2.~ + ~H(P).'.;f~:':(P)'T/2.)/~~(?)_ 
1( 1.0-0 ( P) *Q ( P) ) * EX P ~ 1.: ( CH P ( P) *T) Ie ( P) -~ ( P) 'TT::: 'E x P: :;7 (~:l ( P) J T) 
2+PKA( P)*EXPINT(T)/Q(P»/12.C/TT1/GI<'.A( P) 
C 9 ( P) = ( - ( 1. - Q ( P ) ) * E X P : NT ( T ) I ( 2 • I C ( P » + (I. - C ( P ) I::; ( p ) 
1)*EXPINT«I.+ O-J(P»*T)/2./Q(P)/CKA(P) + (3. +CH(P»'(l0 - C(P» 
2 / ( 6 • * CH ( P » - (16. - 5. C * Qll ( P ) - 2. C 'Q ( P ) - ;. c * ell ( P ) 14 : ) «-:- I 2 4 • G ) 
DO 17 L:2 ,6 
C 6 ( P , L ) = ( - ( QH ( L) + Q ( P) ) • ( I . - QH ( L) ) - (Q ( P) * ( I. - Q (L) _ ( I. 
1- QH(L»*(QH(P)*CH(L) - 1.)/2.)*T)/(QIHP)*~li(L» _ ~KA(L)*( 1.-
6:1 ( P) ·0 ( P» • E X P rr~T ( ( I • +CH ( P ) ) «T ) Ie ( P ). Q KA ( L) • ( I. +CI-l ( ? ) '-:-) • 
3EXPI~T(T)/Q(P) + (Q(L)·Q(L) - Q(P)*C(P»*:T2IEY.PH:T«CH(L) + 
4QH ( P) ) * T) 10 (L) 10 ( P). TT2 if (Q ( P) * C ( P) * ( 1. -0 (L) ) * CKA ( L) -Q (L) I!:; (L) I 
5( l.+CH(P)*T) )*EXPINT(QH(P)*T)/O(L)/Q(P) 
17 C6(P,L)=C6(P,L)/TT1/Q~(L)/QKA(P) 
16 cc~;r rr~ UE 
00 ;1 J=I,6 
Xv=c.o 
DC 2C8 P:2 ,6 
XV 1=0.0 . 
DC 209 I V = 1 ,6 
209 XV I=XV1+TV(IV)*CHI(P,IV)*(IZ(IV)*C9(P)/2.-H(J)*PI6(IV)*C I(P» 
2C8 XV=XV + CHI(P,J)*XV1 
Vl(J)=-IZ(J)*XV - O.5*(IZ(J)*THETA*(EXP!NT(2.*T)/TTl/TTl -
10.li054651 1) - TIIETA*THETA/6.)*TTI 
DO :; 1 P=2, (; 
PI C=O • 0 
DO 250 1= 1,6 
Xv=o.o 
DO 2 11 L=2,6 
211 XV=XV + TXZ(L)*(W(I)*CH:(L,J) - W(J)*CHI(L.!»*CG(P,L) 
250 PIC =PIC + U(I)*IZ(I)*IZ(J)/(W(:) + W(J»*XV/12. 
PIC6(P,J)=PIC 
~ 1 CCNTIrWE 
00 19 IV = 1 ,6 
DO 19 P:2 ,6 
H(IV,P)=Pll(IV)*C1(P) 
G(IV.P)=O. 
19 B(IV,P)=Pll(IV)*C4(P)+PI2(IV)'(C2(P)+C5(P»+PI~(IV)*C~(P) 
21: 
212 
1+PICG(P.IV) 
DO 40 J = 1.6 
Xv=c. 
DC 2 12 P :2,6 
XV I=C. 
DO 2 P IV = 1 of, 
XV1=XVI + TV(IV)*CHI(P,IV)*(H(IV,P)*[K + E(IV,P)*EK'[K + G(:V,~) 
1 *EK*EK* [I() 
x V = X V + C f!I( P • J ) * x V 1 
XA=( 1.0+IZ(J)*XV) 
XB=(!AB~(IZ(J»*TK'( I.O+V 1(J)*CK+PI5(J)'T/G.)/2.1TTl) 
LAM(J)=LAMO(J)·XA-XB 
40 CGrlTINUE 
214 
F n:LAf-~ =c. 
DO 2 14 J = I .6 
FI t-;LAr-i =FI t·:L\I·! +LA ~:( J) IDA p~ ( :Z ( J) * C( J») 
FI r:u.M =FI r:u\~1 (2 "COIC l+CCtlC 2) 
D IFF =( Frr:LAr~-ECUL) *( FIt;LAH-E~ UL) 
SS=DIFF+'::S 
P.q: PA+ 1 
IF ( PA • EC. 12) GeTe 29 
GOTO ;0 
25 ST=SS/PA 
\1 R IT E ( 1,:; 9 5) ~ T 
~95 FCR~AT( 'ST',El~.6) 
PA =0.0 
o IS! 
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Appendix 2 
C PRCCRM'lt-~E FOR fd:ALYSIS OF DAT~ F 
C h OR l~:Y.EC ELECTROLY-:-E (SII). t·1CDS 17/ 10/80 
C MASTER SECI!£NT 
CCUELE PREC::S ror! K I • K2. K3. K4. K5 • K(; 
IMPUCIT DOUBLE PRECIS:CN (A-fi.C-Z) 
I NTECER S. PP 
COt1t-:Cr-; DT,DKT.PETA,TAU.Kl,K2.K:,KU,r..'5.K6 A :Z(6) XLC(~) r.~,...n[~ DI~~tJ!::ICN CATA(20,:) •• • v .L- ....... ~. 
S:6 
CALL TNCUA('INPUT lOR 5 ',I;) 
READ ( 1, *) I NR 
CALL TNCU('INPUT TEllP, DIEL, ETA:',22) 
READ(INR.*) TD-1P,DIEL,ETA 
C INPtrr ZI Arm LAMO(I) 
CALL TNOU( , INPUT C BARGES & LAr~EDAS:'. 24) 
READ(INR.*)(IZ(I),XLO(!),I:I.6) 
C INPUT K 1 A~:D K2 AND K~ Atl) K4 At:D K5 ,\1.1) K6 
CALL TNOU( 'IrlPUT KI,K2.K;,K4.K5.K6:' ,24) 
REI-.D( Itm ,*) K I, K;', 'e:, K4, K5 ,K6 
DT: DIEL itT EHP 
DSCRDT:D~CRT (DT) 
DKT:DT* 1.;80622D-16 
BETA:2. 30712 IC56D-19/DKT 
TAU:I.64C266;D-8/ETA 
CALL TNOU( 'INPUT NO. OF POHITS', 19) 
READ( 11m. *) PP 
C It\PuT EXP DATA 
CALL TrIOU(' INPUT EXP. DATA:', lG) 
DC 199 1:I,PP 
REAC(INR,*)(DA7A(I,J),J:l,;) 
199 CONTINUE 
00 2 N:IO, 100,2 
A:FLCAT(N)*I.rD-8/5.0 
DO 1 I 0\1: I , P P 
CCNC 1:I)\ TA( IlM. 1) 
CCt!C2:DtITA( IU~ .2) 
ECUL: DA TA (I UJ , :=) 
WRITE( 1,74C) CCNC1.CONC2,ECUL 
7 46 FCR~:AT(' ccr:c 1, CCN C2 ,ECUL' • tE 1::. G) 
S!3:0.0 
CALL CALLAM(FINLAM ,CIFF ,ccrJc I.CCNC2.ECL'l..) 
CCNTINUE 
WRITE ( I. 160)A 
16C FCRMATCE10.;,Fl0.4) 
2 CCNTlt\UE 
END 
S UBRCUTU:E CA u. AM (FI ~;LJ\.l·: • D!FF ,ccr~ C 1 ,CCi C2 ,EC UL) 
DGVBLE PREC IS ICN LAll C (6). LG:;( G)' LAt.:( 5), K I, K:, K:, K~, K5. KG ,K 
U:FL:CIT COUELE PREC::3ICt\ (A-H.C-Z) 
INTEGER P 
D I : :E r; SIC I J ACT ( 2 n) , C ( 5 ) , XN ( G ) • E ( 6 ) , E ;: ( ~ ) • \J ( 6 ) • 
r:-V(6), U(G) ,';LPHA(G) .C(6) .CH(G) ,CY,,\(6). P!(i..( S) .CIIP(6) .CHr(S), 
201 P 2 ( c ) , C p'1( G ) , OJ: ( 6 ,5) • TXE ( G ) tTY. Z ( 5) • Y: ( G • c ) • P~ 1 ( (;, ) • P:Z C 5 ) 
: , P I ~ (6) , P I5 ( 6) • P 2: c:: ( 5 ) , V 1 ( 6 ) , V 2 ( 6 ) • C I (E ) , c:: ( 5 ) • C: (6) , C q ~ ) , 
4CS(6),C7C6),C9(6),CE(6,E),PICC(S.6).HCG,0),G(S.6),D(G ,e), 
5AA(6),C2(6),~C(5).Crl(G) 
C ex r.: c r: D T • !: KT • P ET A , T ~ U • K 1 , Y. 2 • K :: • K 1: , :<:; • KG ,;, , ::: z ( 6) , XL C C G ) • ~ ~ ;:::: C~-
EXprr~T( X)=l)EXF( X) *(-0. 5772156C5-DLCG( X)-X ·XfLX/ Ie:. 1-:': "~/S6. C) 
DC 999 1:1,6 
LAf-iO (I) :XLC (I) 
a-4 C 
b -4 C 
5 
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999 CCUTH~UE 
CCrnI?\UE 
CA LC ULAT ::::ON OF EACH I Of!I C SPEC IES 
C ( 6) = C cr;c 2 
C( 1)=CCNC I/(K2*C(6» 
C( 3):2 .0* 1.00-6 
C ( 2 ) = 2 • C *C C N C I 
PG=O.O 
C(5)=(CCr:C1-C(3)-C( 1»/( I+K5*C(6» 
DO 93 I = 1,6 
9 3 ACT ( I ) = I • 0 
;09 C( 3)=K I*C( 1)*C(2)*ACT( I) 
C ( 4 ) = C C r: C 21 ( 1+ K :: • C ( 6 ) * A CT ( 2 ) ** 2+ K L; * C ( 2 ) • A C' ( 2 ) If 2 ) 
C(2)=(2*CCr;Cl)/( I+Kl*C( I)*ACT( 1)+K4*C(4)*ACT(2)**2+ 
lK6*C( 1)*C(6)*ACT( 1)*ACT(2)**2) 
C( 6 )=CO:C21 ( I+K2*C( 1) IACT( I )+K ;*C( 4) 'ACT( 2)" 2+21K5 * 
lC(S)*ACT(2)**2+K6*C( t)*C(2)*ACT( 1)*ACT(2)**2) 
IF(PQ.GT.O.O) GCTO ;10 
C( I )=ccr;c 1I(K2*C(6)*ACT( I» 
C(5)=(CCr.;C1-C(3)-C( I)/( I.C+K5¥C(6)*J',CT(2)'*2) 
PQ=2 .0 
GOTO :09 
3 10 C ( 5 ): ( C C N C 1-C ( 3) - C ( I» 1 ( I • 0 +K 5 * C ( 6 ) * Ii CT ( 2 ) ** 2 ) 
C ( 6 ) = 2 * C ( 1)+ C ( :; )+ C ( 4 )+ C ( 5 ) - C ( 2 ) 
AC=KS*C(5)*C(6)*ACT(2)**2 
AD=K6*C( 1)*C(2)*C(5)*ACT( 1)*ACT(2)H2 
C 11=CCNC I-C( 3)-C( 5)-AC-AD 
CALCULATION CF ACTIVITY CCEFFICIENT 
CGM~ = 0.0 
DC 200 1= 1,6 
200 CG~M = CGA~ + C(I)*IZ(I)*IZ(I) 
K = 3.556 14~D+9*D~CRT(CCAr'~)/D~CRD7 
CO ~9 1 1= 1 ,6 
291 ACT(I)=EXP(-1.15:;5D-IS'K*IZ(I)*'2/D~~T/( l.+K*A» 
IF(Dl\D~(C( l)-C II) .LI. (C III ICOOC.» GOTO :C7 
:; OS C ( 1)= C I 1 
GC TO :; 09 
-:07 WRITE (1,102) C( 1),C(2),C(;),C(4),C(5),C(6) 
i 02 Fe P.t~ A T ( 'C ( I), C ( 2 ) , C ( :: ) , C ( 4 ) , C ( 5 ) , C ( 6 ) , ,E E 1: • 5 ) 
\;RITE( 1,GC;) AC,AD 
60; FCRi·1AT( 'AC,AO' ,;X,E 1;.6,3X,E1::.G) 
\\' RITE ( J, 9 I) A 
9 1 F 0 m·' A T ( , A ' ,G Ell. 4 ) 
WRITE (1,7;3) ACT( t),AC7(2),P.CT(~),P.CT(4),AC7(::;),AC-:-(C) 
7:: FCRr~AT( 'ACT( 1),ACT(2),;.CT(3),rCT(4),!.CT(5),f,CT(t)' ,tEl:.~) 
PQ=o.o 
T= K*A 
EK = EETA 'K 
T7 1= 1.+ T 
TT2=1. + T + T*T/2 
TT:;= I. + ':' + T*':' I:: 
TK=TtU*K 
DC I I r ~ = I ,(; 
x r; 0:) = C ( r-') • C • ~ ~ C 2~ +2 C 
EO~)=II.S0;::0-IC*FLr:ATC::::Z(~~) ) 
E Z 0-:) = y~ ( n ~ E ~ n J! E ( n 
11 \.;(~:) = ~. 107C:SGZ[; 12-:*u,t·:c(n/C.",[~(E(n) 
D = ~.C 
DC 2C 1 J = I ,C 
201 D = D+ E2(J) 
\-/RE=O.O 
DO 2C2 J= 1,5 
202 \-iRB = HRE + E2(J)*~:(J) 
riRE = ;;f\D/D 
DO 12 J = 1,6 
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TV(J) = E2(J)*1;:(J)/\JF.E/D 
12 U(J)= E2(J)/D 
WRITE (1, 11 ~ ) TV ( 1) , TV ( 2) , TV ( 3) , TV ( 4) , TV ( S ) , TV (G) 
1 1; F C Rl-l A T ( 'TV ( I), TV ( 2 ) , TV ( 3 ) , TV ( 4 ) , TV ( 5) ,T V ( 6 ) , ,C E 1:: • 5 ) 
THET A=O. 0 
THETAD=O.O 
DO 203 J = 1 ,6 
THETA=TEETA + U(J)'IZ(J) 
203 TllETAD=TI!ETAD + U(J)*IZ(J)*IZ(J) 
DC 92 J=l,5 
A A ( J ) = W ( J ) *\J( J ) ., ( 1 • 00 - 1 5 ) 
\JRITE (1,92) AA( J) 
92 FCRMAT('AA(J)',3X,E13.6) 
DO 3::0 P:2,6 
L=P-l 
SO ( P) =0.0 
X=AA(L)+.OOOOI 
340 DC ;49 J =1,6 
QA(J)=AA(J)-X 
Q2(J)=TV(J)/CA(J) 
349 SC(P)=SQ(P)+Q2(J) 
IF (~,C ( P) • GT. 0.0) GCTe 595 
SC(P)=o.c 
X=X+.OOOI 
GOTO ;40 
595 \;RITE( 1,594) SC(P),X 
5 9 4 Fe Rt-1A T ( 'SC ( P) t X' , : X, Ell. 't • :; X, E 11. 4 ) 
3:;:0 ALPHA (P)=X*I.0D+16 
997 ccr~TINUE 
00 13 P=2, 6 
C(P) = o.c 
OQ=O 
DC 205 J=I,6 
320 C I = '..J(J)*H(J) - ALP~;A(P) 
O(P) = Q(P) + ~RE*TV(J)*U(J)/QI 
205 QQ=QC + TV(J)*W(J)*W(J)/Q1/Cl 
URITE( 1,441) C(P) 
4 4 1 FeR t,·: AT ( 'Q ( P) , , -: X ,E 1 1 • 4 ) 
:;:00 IF(O(P).LT.c. n ) Q(P)=J 
360 CIl(P) = DSCRT(~(P» 
QKA(P)= 1. + Cll(P)*T+ Q(P)JET*T/2. 
PKA(P) = 1. + CH(P)*T 
CH P ( P) = 1. + QH ( P) 
QHP. ( P) = 1. - QH ( P) 
QIIP2(P)= 2. + CIl(P) 
Q prJ( P) = 1. - Q ( P ) 
LGf\(P) = I.lD~Cl\T(QC) 
DC 14 1=1,6 
14 C I~I ( P , I ) = L cr; ( P) *\1 ( I) I (\'; ( I) f;.; ( I) - ;"L PP.;" ( P) ) 
TXE(P)=O.O 
DO 2CG J = I tIS 
2CG TXE( P)=TXE(P)+TV(J)*CIII(P,J)*E(J) 
1; TXZ(P)=TXE(P)/4.80;2sn-IO 
DC 44 1=1,5 
DO 44 J = 1 ,!) 
44 
207 
15 
695 
17 
16 
209 
2C2 
2 1 1 
25C 
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XI (J , I ) = U ( 1) If ( ::: Z U: ) If \'j' ( I) - I Z ( J ) If ~ ( J ) ) I ( ',; (1) + ~: ( J ) ) 
DO 15 J=I,6 
PI 1( J) =0.0 
PI2(J)=0.O 
PI3(J)= 0.0 
PI5 (J) =0.0 
PI6(J)=0.O 
DC 207 1= 1,6 
Pl 1(J)=PII(J) + XI(J ,I) 
PI2(J)=PI2(J) + IZ(J)*XI(J,I)*IZ(I) 
PI3(J)=PI;(J) + XI(J,I)*(!Z(I) + IZ(J» 
PI5(J)=PI5(J) + X:(J,I)/IZ(I) 
PI6(J)=PI6(J) + U(I)*(IZ(:::) - IZ(J»/U:(I) + \HJ» 
V2(J)=0.O 
Fcm:AT ('PI5(J)' .6E".4) 
DO IG P=~,6 
C 1(P)=( 1.0 + QHP(P)*T/2.)/C:.C*QlIP(P)*TT1*QKA(P» 
C2(P)=-(EXPINT(QHP2(P) *T) + 0.5)/(6.*TT I*TT IlfQr:A( P» 
C 3 ( P ) = T HE T ,; * D LOG ( 3 .I QH P 2 ( P) ) I ( 6 • * TTl 'T T 1 *~ KIt ( P) * C PI 1( P) ) 
C4(P)=-THETA*THETA*(4.0*DLCG(3.0/QHP2(P»/QP:~(P) + 0.6666* 
IQHP(P)/QHP2(P»/24.C/TT1/TT1/QY~(P) 
C7(P)=0.0 
C5(P)=-«-QPM(P) - OH(P)/2.0 + QH(P)*QHr-~(P)*T/2.)/QH(P)-
1( 1. O..,Q (P) *0 ( P) ) *EXPINT (CH P( P) *T) IQ (P) -C (P) *T1"2 IEXPI r:T( QH ( P) *T) 
2+PKA (P) *EXPINT(T) IQ( P»I 12. C/TT 1 IQKA( P) 
C 9 ( P ) = ( - ( 1. - Q ( P) ) If EX P I NT ( T ) I ( 2 • If Q ( P» + (I. _ 0 ( P ) If Q ( P ) 
I) 'E X PIN T ( ( 1. + ClH P) ) * T ) 12 .I Q ( P ) I Q KA ( P) + (::. + Of! ( P) ) * ( I. - Q ( P) ) 
2/(6.*QH(P» - (16. - 5.0*QH(P) - 2.r,~Q(P) - 3.C~QH(P)u::)*T/2~.C) 
DC 17 L=2,0 
C 6 ( P , L ) = ( - ( Qll ( L ) + Q ( P ) ) If ( I. - C~! ( L) ) - (Q ( P ) 4 ( 1. - C ( L» - ( 1. 
1- QHCL»*(:HCP)*ClICL) - 1.)/2.)*T)/C~H(P)*C;:l(L» - O;{A(L)*( 1.-
2G ( P) *:; ( P) ) *::: y. PIt!T ( ( 1. +OH ( P) ) "T) Ie ( P) +QKA (L ) If ( 1. +r.n ( P) ":) If 
3EXPItIT(T)/Q(P) + (QCL)*CCL) - Q(P)*Q(P»¥.TT2*EXPIr:T«~H(L) + 
4QB C P) ) *T) 10 C L) Ie (Ph TT2 * C Q C P) *C C P) * ( 1.-0 (L) ) *QY.A (L) -Q C L) *0 (L) If 
5( I.+QH(P)*T) )*EXPlt:T(CH(P)*T)/Q(L)/Q(P) 
C6 ( P ,L) = C G (P ,L) I IT I I QK,; ( L) I OKA C P) 
CC~ITH:UE 
00 ;1 J=I,6 
XV=C.O 
DO 208 P=2,6 
XV t =0.0 
DC 209 IV=I,6 
XV 1 =X V 1 + TV ( I V) *C HI ( P , I V) If ( IZ C I V) *C 9 ( P) 12. -'.: ( J ) * P IG (l: V) If C I (P) ) 
XV=XV + CHICP,J)*XVl 
Vl(J)=-IZ(J)*XV - O.5*(IZCJ)*THETA*(EXP:~T(2.*T)/TT1/T:I -
IC.4054G511) - TllETA*THET:J6.)*TTl 
00 ;1 P=2,6 
PI C=O. 0 
DO 250 I = 1,6 
XV=O.O 
DC 2 I 1 L=2, C 
XV='l..V + TXZ(L)"UI(I)*CP.I(L.J) - '.J(J)*CHICL,I»*CC(P.L) 
PIC =PIC + U(:)*IZ(I)-I:'(J)/(',:(I) + :·J(J»)*XVI 12. 
PIce (P, J)=PIC 
cct\Tn:lJE 
00 IS' I V = I , G 
DC 19 P~,6 
HC:V.P)=PIICIV)*Cl(P) 
G( .... v.P)='J. 
19 B(IV,P)=PI1(IV)·C4(P)+PI~(IV)·(C2(P)+C5(P»+P:~(IV)·C~(P) 
I+PIC6(P,IV) 
DC 4C J = 1,6 
XV=O. 
DO 2 12 P =2, G 
XV l=C. 
DO 2 13 IV = I ,6 
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213 XV1=XVI + TV(IV)'CHI(P,IV)'Ol(IV,P)'EK + D(IV,P)*[K'CK + GOV,P) 
I*EK'EK*EK) 
212 XV=XV + CHI(P,J)*XVI 
XA =( 1. c+rz ( J)'X V) 
XE=(IAB~(IZ(J»*TK'( I.O+V t(J)*EK+PI5(J)IT/6.)/2./TTJ) 
LArH J) =Uf·lQ( J >'XA-XD 
WRITE( 1,1005) XV,XA,XE,LU1(J) 
1 C05 FCRr~AT ( 'X V , XA, XD ,LUi( J) , , 3 X, E I 1.4, :: X, Ell. 4 , :: X, Ell. 4 , :: X, E I:: • 6) 
40 ccr."r I~!uE 
F INLf.M :0. 
DO 2 14 J = 1,6 
2 14 FIrlL fJ'. =FIt:LU~ +L.H:( J) ·Drd~S ( !Z ( J ) * C( J) ) 
FI r:Ut1 =F! NL'\t~/ (2 'COIC I+CC!C2) 
SS=( FI riLAr! - EC:UL) * (Frr:LAr-!-EC I.:L) 
WRITE (1,<)4) FI~lLM~ 
94 FCRr~AT( 'F!f!UJ1' ,fE I;.() 
WRITE (1,2;4) ECUL 
234 FCGMAT('ECUL',6E13.6) 
~JRrTE (I,97) SS 
9 7 F C R~l t. T ( '~S' ,c E I I. 4 ) 
73 RETUR~: 
C 
93 
309 
310 
END 
Appendix 3 
Replaces a-b in SII. 
CA LeULAT IQN OF EACH I CNI C :3 PEC IES 
C ( 6 ) = J • 4 'c eN C 2 
C{ 1 )=CONC112.0 
C ( 3 ) = J • 2 ~C 0 N C 1 
C(2)=1.3'CCNC1 
PQ=2.0 
C ( 5 ) = 0 • 5 ·C 0 N C 2 
C(6)=ccrIC2 
DO 93 1=1 ,5 
ACTO)=1.0 
C ( 3 ) = K 1 *C ( 1 ) *C ( 2 ) 'A CT ( 1 ) 
C(4)=CONC2/(1+K3*C(6)*ACT(2)'*2+K4*C(2)'ACT(2)'*2) 
C ( 2 )= ( 2 'co ~lC 1 )/ ( 1 + K 1 ·C ( 1 ) • ACT ( 1 )+ K 4 *C ( 4) * ACT ( 2 ) If * 2+ 
1 K 5 *C ( 1 ) *C ( 6 ) * ACT ( 1 ) * ACT ( 2 ) u 2 ) 
C(6)=CCNC2/( 1+K2'C( 1 )'ACT( 1 )+K2*C(4)*ACT(2)1l2+2*K5' 
1 C ( 5) * ACT ( 2) H 2+ K6 'c ( 1 )·C ( 2 ) * ACT ( 1 ) • ACT ( 2 ) III 2 ) 
IF(PQ.GT.a.C) GOTO 31J 
C( 1 )=CONC1/(K2*C(5)IIIACT( 1» 
C ( 5 ) = ( CON C 1-C (:3 ) - C ( 1 ) ) I ( 1 • a +:< 5 * C ( 6 ) • ACT( 2 ) ** 2 ) 
PQ:2.0 
GOTO 309 
C(5)=J.5'CC~JC2 
C ( 6 ) =2 *C ( 1 >+ C ( 3 )+ C ( 4 )+ C ( 5 ) -C ( 2) 
A C =KS ·C ( 5) 'c ( 6 ) If ACT ( 2 ) .. 2 
AD=K!". 'C( 1 ) *C( 2) 'C( 5) 'ACT ( 1) 'ACT( 2) **2 
C 11-C.J~JC t-C ( 3 )-C (5 )-.~C-AD 
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